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SUmm ARY 
The effects of p- substitution on certain properties of the 
N- H bond in aniline have bee n examined in thi s experimental 
study . 
Th e dipole moments and NH group stre tchi ng freq uencies 
of ani line, p- anisidine , p-toluidine, p- chloroanilin e , p-
bromoaniline and p-cyanoaniline have been determined in 
cycl ohexane and dioxan and the aff init y of t hese compounds 
for dioxan in solution , and for an activated alumina adsorbent 
at the solut i on - solid interface assessed. 
Dipole momen t s have been ca l culated from measurements 
of die l ectric constant , refractive index and density of a 
series of so lu tions of graded co nce ntra t ion . The affini ty of 
the anilines for dioxan have been determined from measurements 
of optical density in the ultra- violet reg i on of the spectrum . 
The surface of the activated alumin a used in solution adsorpt i on 
experiments has been characterised by the methods of X- ray 
diffraction , op tical and e l ec tron microsco py , gas adsorpt ion a nd 
adsorption from so lution. Adsor ption of the anilines from 
cyclohexan e on to the alumina adsorbent has been measured and 
th e results expressed graphic all y in the form of adso rption 
isoth erms . Fr om the isotherm data , sorption saturation values 
have bee n obtained a nd sorptive a ffinities calculated. 
Changes in NH bond moment and NH frequency shifts on 
hydrogen bonding , together with affinity of adsorption and 
association to dioxan , have been re l ated to the Hammett structural 
parameter rr and a pa rallelism of behaviour established. 
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I N T ROD U C T ION 
1 
In the introduction to this thesis, a survey is made 
of the effects of p-substitution and the influence of solvent 
interaction on certain properties of N-H and D-H groups in 
aromatic molecules. 
The properties considered consist of the functional group 
stretching frequency in the near-infrared and the group dipole 
moment. The effect of p-substitution is considered in terms of 
the Hammett equation, whereas discussion of solute-solvent 
interactions is mainly confined to hydrogen bonding interactions 
of the type N-H ••• D, D-H ••• D, present both in solution and at 
the solution-solid interface. 
In the light of discussion and throughout this introduc-
tion, proposals for the experimental study ars outlined. 
2 
A - THE HAmmETT EQUATION 
During the past thirty years the steady accumulation of 
rate and equilibrium data for a variety of organic reactions 
has led to the formulation of a number of empirical correlations. 
These attempt to express the influence of a substituent group 
attached to a molecule on a reaction centre located at another 
part of the molecule. 
The general form of these correlations is a linear relation-
ship between the logarithm of the rate or equilibrium constant 
for a reaction at a functional group in a molecule (A) and that 
for the same reaction in a molecule (e) containing a substituent. 
The relationship may be expressed as: 
= m log kA + c •••• (1) 
where kA and ke are the corresponding rate or equilibrium 
constants, m is the slope and c the intercept of the straight 
line obtained. A set of rate or equilibrium constants correspond-
ing to a particular reaction is termed a reaction series and one 
series extensively used for correlation purposes involves the 
process of ionisation of organic acids. 
In general the presence of a substituent in a parent orgenic 
acid molecule HA will affect the strength of the acid as expressed 
in terms of its pK (- log K ) value, where 
a a 
•••• (2 ) 
3 
"a" denoting activity and all species being solvated. 
A substituent which stabilises the conjugate ion A more 
than the acid HA will favour ionisation and cause a decrease in 
pK , whereas a substituent which stabilises the parent compound 
a 
more than the ion will have the opposite effect and causa an 
increase in pK
a
• 
9 
The standard free energy change on ionisation AG , is directly 
related to the pK value: 
a 
(> 
AG = 2.303 RT pK 
a 
•••• (3 ) 
and in general, therefore, pK is a measure of the free energy 
a 
change of the process 
HA + 5 ;:: HS+ + A •••• (4 ) 
where 5 represents the solvent, and initial and final state 
activities are unity. 
The introduction of a substituent into a parent acid may 
modify the pK value of the acid by polar or resonance effects. 
a 
Polar effects, which arise from the presence of dipoles and 
electrical charges in the molecule, may operate throug h an inductive 
effect, which is transmitted along chemical bonds, and in the case 
of a solution by a field effect, operative through space via the 
solvent. An electron-donating group (+1), capable of increasing 
the electron charge density in the vicinity of an ionisable proton 
in an acidic molecule, gives rise to a decrease in acid strength. 
Conversely, the introduction of an electron-withdrawing group 
(-I) leads to an increase in acid strength compared to the parent 
molecule. For example, the introduction of a methyl group into 
formic acid (pK = 3.77) to give acetic acid (pK = 4.76) results 
a a 
4 
in a considerable decrease in acid strength. 
Resonance or mesomeric effects, on the other hand, arise 
from the existence of low-energy molecular orbitals in the acid 
or the anion. These effects are readily transmitted through 
unsaturated systems by TT -electron delocalisation. The electron-
donating (+m) or electron-withdrawing (-m) mesomeric effect of a 
substituent need not operate in the same direction as its inductive 
effect. Where a group has opposite signs for these effects (m and 
I), the overall result will depend on its location in the molecule. 
for example, mesomeric effects in meta positions of aromatic 
molecules are slight, so that the inductive effect of the substi-
tuent is important, whereas, in para positions, the mesomeric 
effect is often significant. 
A considerable amount of data exists which indicates that 
the effect of aromatic substitution on the ionisation of acids 
is additive. for example, in the benzoic acid series (benzoic 
acid pK = 4.20), the introduction of a p-nitro group results in 
a 
a decrease in pK of 0.76 units and an o-chloro substituent results 
a 
in a similar decrease of 1.26 units. Assuming additivity, the 
pK value of p-nitro-o-chlorobenzoic acid may be calculated as 
a 
2.18, the observed value being 2.00. 
By the mid-1930's it had been repeatedly noted that the 
effects of substituents in many reaction series involving benzene 
derivetives could be correlated with the acid strengths of the 
corresponding benzoic acids. 1 , 2, 3, 4 These observations led 
5 6 Hammett ' to propose a general quantitative relationship 
between the nature of a m- or p-substituent and the reactivity 
of a functional group in the aromatic compound. This equation 
5 
is widely applied in the form: 
log 
.!s. 
k 
o 
= rf P •••• (5 ) 
where k and k are rate or equilibrium constants for reactions 
o 
of the substituted and unsubstituted compounds respectively. 
G is the substituent constant, which depends solely on the nature 
and position of the substituent. p is the reaction constant, 
depending on the type of reaction, the conditions under which 
it takes place, and the nature of the reaction centre. 
Substituent constants, rf , were originally defined by the 
equation (6 ): 
log k 
K 
o 
•••• (6 ) 
where K and K are the dissociation constants of benzoic acid 
o 
and its monosubstituted derivatives respectively. Equation (6) 
implies the arbitrary definition of a reaction constant of unity 
for this reaction series, and a substituent constant of zero for the 
unsubstituted compound. 
Originally, Hammett examined 39 reaction series involving 34 
different substituents and subsequently this was extended to 52 
reaction series. 7 He found that his equation expressed a large body 
of experimental data with a mean deviation of about ~15%. 
, 8 
In a re-examination of substituent constants by Jaffe, only 
those substituents were considered for which Hammett had reported 
substituent constants. 
, 
Jaffe, however, abandoned the definition 
of ~ given by equation (6), redefining it as the value which best 
fits the entire body of experimental data. From the correlation of 
371 reaction series, each involving four or more markedly different 
substituents, a further 73 if values were proposed. 
6 
Equation (5) sought only to correlate reactions occurring in a 
side chain of the aromatic molecule and was not found to be appli-
cable to o-substituted benzene derivatives or to aliphatic compounds. 
The unmodified equation may be valid if the functional group is 
situated at a nuclear centre, but the substituent group must be 
disposed meta or para and direct conjugative interaction must be 
absent. The failure of the unmodified equation in the case of 
o-substitution is a consequence of additional steric factors. 
Powerful direct conjugative interactions between - -m p-substituents 
and some reaction centres were found to lead to enhanced parameters 
designated G It was found necessary to use such values when 
considering reactions of ani lines and phenols • 
.. 
Some typical G and ~ values listed by Jaff~ are recorded in 
table 1. 
Table 1 
~ 
Substituent t:5 para t:5 meta r5 para 
-NH 2 -0.660 -0.161 
-N(CH3 )2 -0.600 -0.211 
-
OCH 3 -0.268 -0.115 
-
CH 3 -0.170 -0.069 
-H 0.0 0.0 
-Cl 0.227 0.373 
-Br 0.232 0.391 
-I 0.276 0.352 
-
COCH 3 0.516 0.306 0 . 874 
-CN 0.628 0 . 678 1.000 
-N0 2 0.778 0.710 1. 270 
7 
The procedure .adopted by Jaffe makes both ;> and cf values of 
equation (5) dependent upon the body of data known at any particular 
time. Also, all but large systematic deviations tend to be obscured 
and so theoretical interpretations of deviations become limited. 
It is likely, for example, that some +M substituents undergo 
conjugative interaction with the functional group so that the 
originally defined set of substituent parameters contain enhanced 
values for these substituents. 
In order to eliminate deviations due to variable p-substituent 
9 influences, Bekkum, Verkade and Wepster proposed a limited set 
of eight ~ values defined by the relative ionisation constants 
of the m-substituted benzoic acids ('primary' sigma values), together 
with two p-substituents to be used only when direct mesomeric inter -
actions are clearly absent (table 2) . 
Table 2 
'Primary' Si9ma Values 
Substituent tf Substituent ~ 
m-CH3 -0.069 m-I 0.352 
-H 0.0 m- COCH 3 0.376 
m-F 0.327 m-N0 2 0.710 
m-Cl 0.373 P-COCH 3 
O.SOZf 
m-Br 0.391 P-N0 2 0.778* 
* For reactions not involving direct conjugation. 
With these 'primary' G values, available data on 88 reaction 
series was correlated , and computation made of ~ values for other 
m-substituents ( ' secondary ' sigma values). For p-substituents, 
Bekkum, Verkade and Wepster computed ~ ( ' normal') values based 
on well-co r related reaction series, for which no direct conjugative 
8 
interacti ons be t ween substituent and reaction centre were considered 
to be o perat iv e . Th e r ea c tion ser i es used for a l l s u bstitue n ts 
were t he dissociat i on of t he p he nylacet i c a nd p heny l p ro p/i onic ac id s . 
For +m substituents , the reaction data examined included the acid 
dissociation of phenols and thiophenols, whereas the t:$ n values 
computed for -m substituents were based on benzoic acid, benzoyl 
chloride and benzoate ester reaction series. Reactions of ani lines 
were excl u ded from the reac t ion series s i nce it was expected that 
' saturation' effects may be present when two .m groups i n p ara -
disposition could prevent the full operation of normal resonance 
polar effects on each other. From the data in table 3, it can be 
n 
seen that differences between r:f - values and the 0 values of 
Jaffe for p-substituents are quite marked • 
. 10 1 1 12 Taft and Lew~s ' , attempted to separate the polar effects 
of m- and p-substituent parameters into inductive (r) and resonance 
(R) contributions. The ~ o-values so obtained, like the ~ n- values, 
represent a considerable improvement on the original ~ -values for 
correlative pu r poses in reaction series which do not involve direct 
conjugative interactions between the substituent and the reaction 
centre . 
;< 
A com pa r i so n 0 f t:f , c:; , ~ nand o ~ - values for var i ou s 
substituents is shown in table 3 . 
Table 3 
Substituent 06 r:: " G n ti ° 
p- oCH 3 - 0.268 -0 .1 1 1 -0 . 12 
P- CH3 - 0 .1 70 - 0 . 129 - 0 .1 5 
-H 0 . 0 0 . 0 0 . 00 
p-Cl 0.227 0.238 0.27 
p- 8r 0 . 232 0 . 265 0.26 
1 
9 
Table 3 
(Continued) 
'" 
Substituent tf t1 >G n tf ° 
p-CoCH 3 0.516 0.874 0.502 0 .40 
p-CN 0.628 1 .000 0.674 0.69 
p-N0 2 0.778 1.270 0.788 0.73 
The substituent parameters displayed in table 3 are suitable 
for assessing the influence of a substituent group on a reaction 
centre in an aromatic molecule. 
In the present investigation it is proposed to examine the 
effect of p-substitution on various properties of the N-H bond and 
to relate variations in these properties with these substituent 
parameters, 
10 
B - HYDROGEN BONDING IN SOLUTION 
1. The Hydrogen Bond 
(a) The nature of the hydrogen bond 
A widely occurring and important interaction in the formation 
of molecular complexes in solution is that of the hydrogen bond, 
which is formed when the proton of a group X-H is attracted by a 
lone pair of electrons on a second atom Y producing the species 
X-H •••. y. 
Hydrogen bonds are of two main types, namely, intermolecular, 
extending over two or more molecules and intramolecular, in which 
the atoms X and Y are part of the same molecule. 
It was first considered that the hydrogen atom was situated 
at the mid-point of the line joining the atoms X and Y but infrared 
and nuclear magnetic resonance spectroscopic evidence has shown 
that generally the hydrogen atom lies along the X •••• Y axis rather 
closer to the at om X than to Y. This evidence, together with the 
results of investigations using X-ray and neutron diffraction, has 
shown the existence of large variations in both X •••• Y end X-H distanc e ., 
depending on the nature of the atoms X and Y and the overall 
geometry of the system. 
The energies of hydrogen bond Formation have been determined 
for many different systems X •••• Y and in general the strength of 
the hydrogen bond was found to increase with increasing electro -
negativity and decreasing size of the atoms X and Y concerned. 
Thus the strongest hydrogen bonds are formed when X and Y are 
fluorine, oxygen or nitrogen atoms. This observation together with 
the fact that a hydrogen atom can only form one covalent bond has 
led to the suggestion that hydrog en bond formation is essentially 
11 
electrostatic in character. This view is supported by the fact 
that this type of bonding only occurs when the central atom of 
the bond is hydrogen. For the electrostatic e nergy of interaction 
to be a maximum, it is necessary that the atoms approach each other 
as closely as possible. Hydrogen, with its absence of inner shell 
electrons and small atomic size, allows close approach of the atom 
Y without the introduction of large replusive forces . 
While the hydrogen bond may be primarily electrostatic in 
character, this model does not account satisfactorily for several 
observations attributed to hydrogen bond formation. For example, 
o in the O-H •••• O system, 0 •••• 0 distances as small a s 2.5A have been 
recorded, whereas the smallest 0 •••• 0 distance found in crystals, 
o 
where no hydrogen bond is considered to exist, is about 3.0A. Also, 
the sum of the Van der waa1~ radii for hydrogen and oxygen atoms 
is 2 . 6A o , yet in water the H •••• O distance is only 1.6Ao • 
These observations necessarily imply some degree of covalent 
bonding since normal potential energy curves show an ex tremely steep 
rise as soon as the interactomic distance is much less than the sum 
of the Van der Waalq, radii. For this reason contributions from 
the following five structures have been considered to occur in the 
O-H •••• 0 systems: 
( 1 ) 
-0 H O ~ covalent, no charge transfer 
(2) 
-0 H+ O( ionic, no charge transfer 
(3 ) - 0+ H DC ionic, no charge trensfer 
(4) 
-0 H at charge transfer, long 
H-O bond 
(5 ) 
-0 H Ot- charge transfer, 0-0 bonding 
I 
" 
Structures (2) and (3) correspond to normal electrostatic 
interactions, and (4) and (5) to covalent resonance. Coulson and 
Danielsson 13 have calculated the relative weighting of these 
12 
structures for various 0 •••• 0 dista nc es . For a distance of 
2 .8A o , the weight of (4) is 4% increasing to 12% at a distance of 
o 2 .5A , suggesting that the covalent character o f the o-H •••• o 
bond rapidly increases as the bond i s compressed . Although the 
calculatio ns are necessarily very approximate these authors 
conclude that in short bonds at least, there is an appreciable 
contributio n to the total energy of the hydrogen bond from covalent 
resonance . 
(b) Properties of hydrogen bonded systems 
The formation of a hydrogen bond modifies many physical 
properties of the system of which it is a part. Some of the more 
important of these properties are briefly summarized as follows : 
(1) Changes occ ur in the vibrational spectra of 
X- H and Y 
(a) the frequency of the X- H stretching made decreases 
(b) the band width of the X-H stretching mode increases 
(c) the intensity of the X- H stretching mode increases 
(d) the frequencies of the X-H deformation modes increase 
( e) ther e are new low frequency modes assoc iat e d with 
stretching and bending of the hydrog en bond itself. 
(2) The proton magnetic resonance spectrum moves towards 
l ower field . 
(3) The X •••• Y distance is short compared to the sum of the 
Van der Waal radii. 
(4) Electroni c transitions of either the electron accep~r 
or e l ectron donor molecule may be modified. 
(5) The molecular weight is larger than the formula weight 
as shown by cryoscopic, vapour pressure and vapour 
densi t y measur eme nts . 
13 
(6) Changes occur in : dielectric behaviour, solubility, 
heat of mi~ing, molar volume, viscosit y , etc. 
In a system involving the formation of a hydrogen bond, some or 
all of these chan ges can be recognised. 
In the present investigation detailed consideration is given 
to changes in the N-H stretching frequency, ultra-violet absorption 
spectrum, and dielectric behaviour of a ser ie s of p-substituted 
anilines when hydrogen bonded to dioxan, 
2. The Association Constant 
If a complex (AB) is formed by interaction of an electron 
acceptor (A) (e.g. phenol) with an electron donor (B) (e.g. dioxan), 
which speciFically involves the Formation of a hydrogen bond, the 
association constant (K) is a measure of the tendency for the 
Formation of the hydrogen bond. K is related to the standard 
& & 
Free energy change ( A G ) of the process by Ll. G = - RTlnK. 
Although inFrared spectroscopy has been widely used to 
investigate the properties of hydrogen bonded systems, useful 
information concerning the strength of hydrogen bonding in various 
systems has been provided by the analysis of the ultra-violet absorp-
tion spectrum of hydrogen bonded molecules in solution. 
The ultra-violet spectrum of a molecule is altered by the 
formation of a hydrogen bond if the chromophoric portion of the 
molecule is perturbed by the bond. Changes in electronic transitions 
of acidic or basic substances on hydrogen bonding in solution are 
associated with shifts in the frequency of the band maximum. The 
shifts may be either to lower Frequency (loDger wavelength - red 
shift) or to higher Frequency (shor ter wavelength - blue shift) 
and usually there is no pronounced change of the absorption co-
eFFicient. 
14 
The importance of hydrogen bonding in the interpretation 
of the ultra-violet spectra of bases was first discussed by 
14 Brealey and Kasha. They investigated the change in position of 
... 
the n ~Tf absorption band of a number of molecules on changing 
from a hydrocarbon to a hydroxylic solvent. The large blue 
shift observed was shown to be due to hydrogen bonding of the 
n-electrons of the base by the hydroxylic solvent causing stabilisa-
tion of the ground state compared to the excited state of the 
molecule. 
15 I t is commonly accepted that n -i> "TT transitions, which 
involve the excitation of non-bonding electrons into the lowest 
unoccupied Tf state in a molecule, always cause a frequency shift 
towards shorter wavelengths on hydrogen bond formation. Whereas, 
,. 
Tf .... .,.,. transitions which correspond to the excitation of IT 
-bonding electrons to the lowest antibonding n orbital, usually 
cause a frequency shift towards longer wavelengths. 
many investigations have been carried out on the effect of 
hydrogen bonding on the electronic transitions of electron 
acceptor s. 16 Early workers had difficulty in distiguishing the 
effect of hydrogen bonding from that of non-hydrogen bonding 
solvent interactions. 
The most exten si ve work has been carried out by Nagakura, 
17 1 8 
and co-workers ' 'on substituted benzoic acids, phenols, 
naphthols and amides. Nagakura and Baba 1g examined the effect of 
the solvent on the near ultra-viol et absorption spectrum of aniline, 
N-N dimethylaniline, phenol and anisole, and found that the frequency 
shift was anomalously large when hydrogen bonding between solute 
and solvent molecules was operative. The effect of hydrogen bonding 
15 
to pheno l an d aniline was stud ied usin g mixed solvents which 
were prepared by adding a small amount of the electron donor 
(dio xan or diethyl ether) to a relatively inert solvent (he xane 
or carbon tetrachloride). From the experimental results it was 
concluded that hydrogen bonding plays an important role in the 
solvent effect on the near ultra-violet absorption spectra of 
phenol and aniline. 
Pimentel 2D has suggested that, in general, the effect of 
hydrogen bonding on th e ultra-violet a bsorption spectrum ov er -
rides the effects of solvent polarisation, dipole - dipole interac-
tions and dipole polarisation forces which have been discussed 
by Bayliss and mcRae . 21 
Th e effect of solvent on the calculated associatio n constant 
(K) for complex formation has been examined by ffie rrifield and 
Ph ' l' 22 ~ l~ps. For an electron ac ceptor (A) and electron donor (B), 
two co mpetitive equilibria Were considered . 
A + 8 A8 K, = a A8 .... (7) 
a a 
A 8 
K2 = a AS A + 5 AS .... ( 8) 
a a 
A 5 
where S r epr esen ts the solvent and" a" denotes act ivit y . The 
true association constant K1was calcul ated by eq uation (9) fr om 
measured values of K and K2 • 
K = 
.... (9) 
23 Recently, Davis and Farmer considered the role of the 
solvent in the evaluation of association constants for weak 
complexes. Sin ce many solvents (e.g. carbon tetrachloride) can 
16 
themselves act as donors or acceptors, these workers suggest that 
donor-acceptor eQuilibria should be studied in an inert solvent 
like n-hexane in order to minimise the competitive influence of 
the solvent. 
Several studies have recently been carried out on the hydrogen 
bonding properties of a related series of electron acceptors with 
a single electron donor in an inert solvent. 
Hibbert 24 examined the effect of p-6ubstitution on the hydrogen 
bonding tendency to dioxan of a series of p-substituted N-phenylni -
tramines in cyclohexane solution. The association constants K 
were calculated From ultra-violet s pectroscopic data obtained at 
two temperatures and the results are recorded in table 4 together 
with the corresponding pK ( - log K) values. 
Table 4 
N-Phenylnitramines 
Substi tuent K(litremole-1 ) pK 
25 0 C 35 0 C 25 0 C 35 0 C 
p-CH 3 13.76 10. 04 -1.13 9 -1 . 017 -0.170 
-H 18. 25 14.27 -1. 26 1 -1.154 0.0 
p-Cl 27 . 64 19.77 -1.442 -1.296 0.227 
p-Br 2B.63 20.43 -1.457 -1.310 0.232 
p-CN 43.94 34.73 -1.643 -1. 541 0.628 
P-N0 2 48.97 36.38 -1.690 -1. 561 0.778 
From the data in table 4 it can be seen that the value of K 
decreases with increasing tempe~ature in accordance with the 
expected temperature coefFicient for complex formation. Although 
the values of pK were found to vary in a regular manner with the 
17 
Hammett substituent constant If of the p-substituent, it was con-
c l uded that the N- nitro gro up do min a t es t he hydrogen bonding 
p ro pe r ties of these mo l ec ul es . 
A similar investigation has been carried out for a series of 
25 p-substituted phenols by Hawley and the calculated association 
constants K and pK values are displayed in table 5. 
Table 5 
Phenol s 
Substi tuent -1 K(li tremole ) pK 
25 0 C 35 0 C 25 0 C 35 0 C 
P- C(CH 3 )3 10.42 8.50 -1.018 -0.929 -0.197 
p-CH 3 10 . 94 8.81 -1.039 - 0.945 - 0.170 
- H 15 . 21 10 . 79 -1.1 82 - 1 . 033 0 . 0 
p - Cl 24 . 43 18 . 28 -1 . 388 -1. 262 0.227 
p - CN 50.20 37 . 22 - 1 . 701 - 1 . 571 0 . 628 
p-N0 2 66.83 49.00 -1 . 825 -1.690 0.778 
At both temperatures a linear relationship was found to exist 
between pK and the Hammett substituent constant ~ , suggesting 
that tf reflects t he effect of the p- s ub stituent on the hydrogen 
bonding tendency of the OH gro u p . 
It is proposed that one aspect of the present investigation 
will be the calculation of association constants for a series of 
p- substituted anilines to dioxan , in order to assess the influence 
of the substituent on the hydrogen bonding tendency of t h e N- H 
bond . A co mparison will then be possible with the hydrogen 
bonding te nde n c i es o f the O- H bond in ph e no l s . 
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3. The Dipole Moment 
When the centre of positive charge in a molecule does not 
coincide with that of negative charge, the molecule is said to 
possess a permanent electric dipole moment )i . The magnitude of 
the moment is given by the product of the charge d e and the 
distance of separation, 1, and is measured in electrostatic units . 
The moment of a molecule may be considered to be the resultant 
of the moments associated with the bonds within t he mol ec ul e . The 
bond moment involves contributions from hybridised orbitals and 
electronegativity differences between the atoms involved in the 
bond. 
In principle , knowing the bond moments, the dipole moment of 
a molecule can be calculated by vector analysis . In pe r forming 
such calculations, however, it is often more convenient to use 
group moments rather than individual bond moments . for a molecule 
which consists of only two group moments ; 1 and)A 2 acting at an 
angle if.. 
I 
I 
I 
I 
the res ul ta nt moment of t he mol ec ul e ~ is gi ve n by: 
fig . 1 
•••• (10 ) 
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Equation (10) is frequently used to evaluate the angle which 
a group moment in the molecule makes with a fixed ax is of the 
molecule. It has been us ed to calculate the angle between the 
direction of the moment of an angular substituent group X and the 
major axis of the benzene ring in the monosub stituted benzene 
derivatives in which X is OH , NH 2 , N(CH 3 )2 ' OCH3 , etc . 
Smith and Walshaw 26 used vector summation of the moments 
determin ed in benzene of aniline (1.530), p- toluidine (1.320), 
and toluene (0.370), to calculate the angle (j5 = 49 0 ) which the 
NH2 group moment in aniline makes with the major axis of the 
ring (fig . 2). 
fig. 2 
0-37 
,-sa 
Justification for the use of the vector law in this case rests 
on its success in ca lcul ating the moments of p- disubstituted benzenes 
in which one of the para groups is methyl and the moments of both 
groups are directed along the major axis of the ring 27 
Agreement between the observed moment of a molecule and that 
calculated by vector summation is not always satisfactory . Several 
factors may contribute to an observed discrepancy . For example, if 
a molecule contains two permanent dipoles which are situate d in close 
proximity to each other as in o-d isubstituted compounds of t he type 
C6H4X2 , then two types of interaction may take place between the 
two dipoles. 
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In the First place there is a replusive Force between the two 
bond dipoles (C-X) which tends to force the dipoles apart. In 
addition, the dipoles may interact with each other by induction so 
tending to change the resultant moment of the molecule. 
An additional cause of discrepancy between the observed and 
calculated moments is the interaction between the mesomeric effects 
of groups situated para to one another in disubstituted benzenes . 
The extent of this interaction is measured by the magnitude of the 
interaction moment'~int' defined as the diFference between the 
observed moment and that calculated along some predetermined 
dir e ction within the molecule which is usually th e major a x is of 
the ring. If one or both of the p-substituents are angular then 
vector calculation Of~ int is necessary. 
Smith and Walshaw 26 calculated the "theoretical" moments 
for a series of p- substituted anilines in benzene using equation 
(11 ). 
11 2 IV' calc + }I ~hX + 2 )ilPhNH 2 ) yt PhX)cOS f' 
•••• (11 ) 
The angle (j3) was calculated as 4Bo 30' and the following 
values were taken for the moments of the parent monosubstituted 
benzenes ~PhX) : nitrobenzene 4.01, benzonitrile 4.03, bromo-
benzene 1.56, chlorobenzene 1.580 an~PhNH 1.53D. 
2 
Interaction moments'~int' along the N-C bond, necessary to 
explain the observed dipole moments of the p- substituted anilines 
in benzene, were cal culated from equation (12) and the results are 
recorded in table 6 with the moments calculated from equat i on (11). 
---------------------------- ----- - - - - - - -
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+ ~ int +jJ PhX)2 + 
coS p 
Table 6 
2 ~ PhNH
2
) <)J int +)PhX) 
•••• (12 ) 
Compound /l calc (D) ; benzene (D) 
p - toluidine 1.32 1.32 
aniline 1.53 1 . 53 
p-chloroaniline 2 . 84 3 .01 0.19 
p-bromoaniline 2 . 82 3 . 0 1 0.20 
p-cyanoaniline 5.18 5 . 96 0.80 
p - nitroani line 5 .1 6 6.22 1. 08 
A positive sign to the interaction moment implies that the direction 
of the latt er i s as shown below (fig. 3): 
fig . 3 
)( 
Few and Smith 28 , 29 and Smith30 determined the dipole moments 
of aniline and nuclear substituted anilines in dioxan as well as 
benzene, and not e that in most cases the dipole moments in dioxan 
are hi gher than the corr espond ing ones in be nzen e . These workers 
attribute the higher moments in dioxan to hydrogen bonding between 
the hydrogen of the amino group and the oxygen of the d io xan 
molecule . Th e diffe r ence between the moments in dioxan and benzene 
are smaller for N-met h ylaniline and its derivatives and almost 
zero for N- N-dimethylanil ine and its derivatives . 
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Fr om the data available Smith3D infers that the large 
increases in the dipole moments of the anilines in dioxan, 
arise principally f rom electron displacements in the conj ugated 
systems . By cal cul ating the interaction moment, I int(B)' 
acting along the major axis of the ring , and necessary to 
explain the observed moments of the p-substituted anilines in 
be nz ene , and the n compa ring with the interaction moment, ;ifint (D)' 
in the same direction and necessary to explain the moment s of 
these compounds in dioxa n, Smith and Walshaw 26 found that the 
additional moment IJ.!vec t ()<'int(D) - jJint(B»' is relate.d 
to the i nteraction moment ;lI int{B) as follows : 
I1jJ vect = 0 . 33 + 0.255 /) ;VI int(B) •••• (1 3 ) 
The se workers sugges t that this relat io nship (13) gives 
su ppor t to the view that in complexes with dioxa n, an 
apprec iable increase in dipole moment accompanies the hydrogen 
bond ing when the latter brings about an increase in the mesomeric 
effect of the amino group . 
Eric, Goode and Ibbitson 31 suggest that the dipole moment 
increase for nuclear substituted phenols in dio xa n , over that 
in cyclohexane , arises from hydrog en bonding between the 
hydrogen atom of the hydroxyl group and the oxygen a tom of a 
di oxan molecule . When the electronegat ive oxygen atom of 
dioxan a pproaches the hydrogen atom of the hydrox yl group a nd 
a hydrogen bond forms the valency electrons of the D-H bond will 
presumabl y be displaced to a limited extent towards the oxygen 
atom of the hydroxyl group , thereby increasing the bond moment . 
These workers suggest that the magnitude of the increase, 
in the case of substituted phenols, is related to the enhanced 
mesomeric effect of the hydro xyl group . The dipole moment 
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increase in dioxan then becom es the result of an increase 
in O- H bo nd mo ment occasioned by hydrogen bonding and an 
+ 
asso ci ated decrease i n C - 0 bond mome nt effected by i ncreased 
mesomerism. Although it is not possi bl e to calculate both 
these changes simultaneously , the increase in O-H bond moment 
necessary to explain the observed dipole moments of p-substituted 
phenols in dio xa n have been calculated by Ibbitson and Sandall 32 
from equation (14) : 
I D 2 = '1D- H + y)2 + <}Ph X _;UO_C)2 + 
2t)!O -H + y) <)JPhX - )lo_c )co s 0< •••• (14) 
where AD = obse rved dipole mom ent in dioxan 
jJPh X = dipole moment of monosubstit u ted benzene 
derivativ e 
)fO-H = dipole moment associated with the O- H bond 
/Jo -c = 
dipole moment assoc i ated with the O-C bond 
Y = increase in O-H bond moment necessar y to 
explain the observed dipole moment in 
dioxan 
= angle which the C- OH group moment in 
phenol makes with the c - o bond . 
Assuming the C-O-H valen cy angle to be 1150 , ~ wa s cal -
27 0 
culated by Marsden and Sutton ' s method to be 79 36', the 
dipole moments in cyclohexane of phenol, p- cresol and toluene 
being taken as 1 . 46 , 1 . 44 and 0 . 37D respectively . Applying 
the sine r ule , the moments along the O- H and O- C bonds , that 
is 10- H and }1o- c in phenol, were calculated to be 1.58 and 
0 . 41D, the oxygen atom being at the nega ti ve end of each dipole. 
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Th e values used for the monosubstituted benzenes, ;PPhX' 
were as follows: toluene 0 . 37D, chlorobenzene 1.58D, bromo -
benzene 1.56D, cyanobenzene 4.03D and nitrobenzene 4 . 010 . 
The results obtained by this procedure are recorded in table 
7. 
Table 7 
p- Substituted Phenols 
Substituent y(D) rS 
p-CH 3 0 .35 - 0 .170 
- H 0.42 0 . 0 
p-f 0.43 0.062 
p-Cl 0.54 0.227 
p- Br 0 . 48 0.232 
p-COCH 3 0 . 87 0.516 0.874 
p-CN 0.99 0 .6 28 1.000 
p-N0 2 1.18 0.778 1.270 
It is interesting to note that the O-H bond moment 
increments (y) are linearly related to rS except for the strongly 
interacting (- m) substituents, -COCH 3 , - CN, and -N0 2 , for which 
* 
the enhanced values G are more appropriate. 
Although the dipole moment associated with the O-C bond 
was considered to remain constant during interaction with di oxa n, 
the magnitude of y might be expected to include a contribution 
from the increased mesomeric interaction of the O-H group brought 
about by hydrogen bonding . 
Ibbitson and sandal1 32 , and Colinese33 attempted to relate 
the O-H bond moment in other aromatic hydro xy compounds with 
the Hammett substi tuent constant G • 
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Hydroxyl g r oup moments, ~O-H' req uired to explain the 
observed dipole moments in dioxan of 4 '-sub stituted- 4-
hydro xyazobenzenes, N-( 4-hydroxybenzylidene) - 4 - substituted 
anilines, and N- (4 - substituted benzylidene) - 4-hydroxyanilines, 
have been e valuated by vector analysis . I t was found that 
)1 O- H was linearl y related to the Hammett substituent constant 
G , t he ' enhanced ' parameters being used for strongly inter-
acting ( - m) s u bs t ituents . Regress i on lines of ~O-H against 
~ were calculated by the method of lea st squares a nd para 
the equations obtained are recorded in table 8 . 
Com pou nds 
Phenols 
Phenolic benzylidene 
- anilines (C/OH ) 
Phenolic benzylidene 
- an ilines ( N/OH) 
Hydroxyazobenzenes 
Table 8 
2.12 + 0.67 1 ~ 
2 . 25 + 0 . 892 et 
1.17 + 1.000 t! 
2 . 26 + 0 . 992 et 
mea n deviation 
)!O_H(ObS) -
)/O_H(c alc) 
0 . 05 
0 . 1 7 
0 . 09 
0 . 09 
Th es e correlations sugges t a sim pl e dependence o f the 
hydroxyl group bond moment on the electrical character of the 
s ubstituent , ;U O- H increasing in each class of com pound with 
increasing electron - attracti ng power of the substituent . The 
s lopes of the regre ssion lines of the larger mol ec ul es are all 
grea ter than for th e simple phenols and it was suggested that 
this could be the result of an increase in conjugation of the 
two-ring sys t ems compared t o phenol. 
As far as the N-H bond is concerned , Hibbert 24 calculated 
the N-H bond moment necessary to explain the observed mom e nt 
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in dioxan for a series of p- substituted phenylnitramine s . A 
linear r el ation s hip was observed between ~N-H and the Hamm et t 
substituent constant tj , IN-H increasing with increase in tf . 
In t he present investigation it is proposed to compare 
the bond moment increment of the O-H bo nd, for a series of 
p-substituted phenols in dioxan , with those calculated in a 
• s imila r manner a l ong the bisector of the HNH angle of the 
amino gro up, for the corresponding p-substituted ani lines , in 
the same solvent . 
4 . Group Stretching Frequency in the Near - Infrared 
(a) Amino group stretching frequencies ( Ys and ~AS) 
Th e spectre of primary amines are characterised by 
the presence of two absorption bands in the NH stretching 
region of the near - infrared, which a r ise from the symmetric 
and anti symmetri c vibrations of the hydrogen atoms. 
stretching modes / - N 
H 
' H 
~ 
symmetr ical anti symmetr ical 
- 1 The two absorption bands occur in the region 3500-3 300 cm 
for dilute soluti ons of primary amines in non-polar 
so lvents . The antis ymm etric mode ('»AS) is usually found 
- 1 - 1 
near 3500 cm , and th e symmetric mod e ( ~S) near 3400 cm • 
8el lam y and Williams 34 examined th e infrared spectra 
of 64 primar y amines and fo und that 
'YS = 345.53 + 0.B76 ))AS .... (15) 
I 
I 
f 
, 
I 
I 
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holds in all cases with a standard deviation of 4.8 cm- 1 
These workers point out that the two frequencies depend 
basically upon the same force constant and consequently 
s hould be dir ectl y r e l a t ed to each other. If how e ver 
one N-H bond i s hydroge n bond e d an d the other is no t 
t his relationship may no longer hold. 
Both the symmetric and anti symmetric stretching 
frequenc i es are subject to small changes with variation 
in polarity of the solvent, and to rather larger changes 
in concentrated solution in which intermolecular 
association can occur. 
(b) 2s and :I) AS in r e l a tion to Q' 
In a study of the properties of the N- H bond in 
35 
sub s tituted anilines, Krueger and Thomp s on found that 
for both the symmetric and anti symmetri c stretching 
mod es the plots of vibration fr equency a gainst Q' were 
slightly curved, lJ increasing with ci These workers 
suggest that the plots would be more nearly linear if 
2 ( » ) was compared wi th [) 36 The NH stretching 
vibration of substituted N-me thylanilines in carbon 
tetrachloride solution was also examined and the results 
obtained are shown in table 9 together with corr esponding 
data for the substituted anilines . 
------------------------------------------- - -----------
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Table 9 
Substituent Anilines 
'VAS (cm-
1 ) ))s(cm- 1 ) 
N-Methylanilines 
p-OCH 3 3460 3382 
p-CH 3 3470 3390 
-H 3479 3396 
p- Cl 3482 3398 
p-CN 350S 3412 
p-N0 2 3509 3416 
( -1 ).ls cm ) 
3438 
3443 
3445 
3456 
3456 
-0.268 
- 0.170 
0 .0 
0.227 
"' 1 .000 
,. 
1 . 270 
~ Denotes special ~ values for aniline derivatives 
From the data in table 9 it is seen that th e effect 
of p-sub stitu t i on of electron-attracting groups in aniline 
is an increase in both the characteristic NH stretching 
frequ enc ies, a corresponding decrease being produced by 
electron - releasing substituents. The same general trend 
is observed with the substituted N-methylanilines . A 
comparison of the values of).l in table 9 shows that the 
effect of N-m ethyl substitution on the amino group of 
aniline is to diminish the influence of the p-substituent 
on the NH stretching frequency. 
Ingraham, Corse, Bailey and Stitt37 examined the 
frequency of maximum absorption of a series of p-
substituted phenols in carbon tetrachloride solution. 
Their results are record e d in table 10. 
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Table 10 
p-Substituted Phenols in Carbon Tetrachloride 
Substi tuent »OH (cm - 1 ) t( 
p- Cl 
p- 6r 
3616 - 0.268 
3613 - 0 .1 70 
3610 0.0 
3609 0 .2 27 
3607 0 . 232 
'" 3595 1 • 270 
Denotes special t:J' valu e for phenol derivatives 
It is noted that electron- attracting substituents 
cause a decrease , and electron - releasing substituents an 
increase in the characteristic stretching frequency o f 
the OH group relative to that in phenol and Ingraham et al 
demonstrated the linearity of the O-H bond stretching 
frequencies wit h the Hammett ~ -val ue of t he subst ituen t . 
That the directional in f luence of a p-substituent 
on th e OH stretching frequency in phenol and the NH 
stretching frequency in aniline are opposi te , illustrates 
t he importance of cha nges i n the t ype o f hybridisation 
and electron density associated with the oxygen and 
ni trogen ato ms . In th e case of the C- H bond, fo r example, 
it is known th a t the stretching force constant varies 
considerably as the type of bond hybridisation of the 
36 
carbon atom changes 
f 11 ' . 36 o oW1ng serles : 
This is illustrated by the 
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Ethane Eth ylen e Acetylene 
Force constants of 
C- H bond 
( -1 5) dynes cm x 10 
Type of bond hybridisa -
tion 
4 . 97 
3 
sp 
5 . 1 
2 
sp 
6 . 0 
s p 
As t he pr opo rtio n of s - character increases relative to 
that of p- character in th e hybri d orbital, the for ce 
co nstant of the C-H bond increases . 
In phenol the oxygen atom of the hyd roxy group is 
unsymmetrically sp2 hYbridised with one lo ne pair of 
e l ectrons occupying the unhybr id ised p-orbital . This 
orbital is ~pendicularlY directed to the plane of the 
aromatic ring thereby atta ining maximum over l a p with the 
p-orbital of the aromatic carb on atom and producing 
maximum conjugation with the TT -el ectron s of the aromatic 
sys tem. 
In the case of aniline , however, the nitrogen atom 
o f the amino group is tetrahedrally sp3 hybri dised with 
the lone pair of electrons occupying one hybrid orbital 
which is angularly disposed to the plane of the aromatic 
ring . Th e lone pair of el ectrons on the nitrogen atom 
can on l y achieve greater overlap with the p-orbital of the 
aromatic carbon atom if t he hyb ridisation assumes some 
2 
sp character. 
The effect of p-sub st itution with electron- attracting 
groups in aniline produces an increased conjugation of the 
lone pair electrons of nitrogen with the aromatic ring . 
This causes a relative increase in percentage s -character 
of the orbitals bonding the hydrogen atoms with a con -
sequent strengthening of these bonds and an increase in 
))NH ' This change in hybridisation does not take place 
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in the phenols and the effect of an electron- attracting 
p- sub st i tue nt wil l be to reduce the electron dens i ty of 
t he ox ygen atom r elative t o th e hyd r ogen a t oms a nd so 
reduce the force constant of the O-H bond. The reduction 
produces a corresponding decrease in the OH stretching 
frequency relative to that in phenol. 
The trends observed in the intensities of NH stretching 
" " 35 39 
vibrations in p- substituted ani lines and N- methylan1l1nes ' , 
however , are qualitatively similar to t hose of the OH bands 
40 in p-substituted phenols In each case the bond intensity 
was found to increase with increasing electron-attracting 
power of the p-substituent and a linear dependence of log A 
(intensity) on the substituent constant ~ was observed . 
(c) Intermolecular hydrogen bonding 
(i) Influence of hydrogen bonding on group stretching Freguency 
The most sensitive and characteristic experimental 
evidence of hydrogen bond formation is obtained from 
infrared absorption studies . With increasing strength of 
hydrogen bonding, the absorption bands due to X- H stretching 
vibrations in l inear hydrogen bonds are progressively , 
lowered in frequency , broadened , and enhanced in integrated 
"t "t 4 1 ~n enSl y For example , the sharp absorption band due 
to monomeric N- methyl urethane molecules in carbon tet r a-
chloride solution at 3474 cm - 1 is accompanied by a much 
- 1 broader absorption band centred at about 3372 cm when 
42 
association occurS A simi lar cha nge occurs on the 
43 progressive associat i on of hydroxyl groups in phenols when 
-1 the s harp abso rp tion peak a t 3620 cm is replaced by a 
I 
I 
I 
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-1 broad absorption band at about 3330 cm 
With dQcreasing strength of hydrogen bonding, however, 
the infrared ev i dence of molecular association in terms 
of hydrogen bonding is less well defined. This led many 
44 45 46 . 
early workers' , to bel1eve that Van der Waal ' s 
forces of molecular interaction or dielectric constant 
changes rather than hydrogen bonding were responsible for 
the frequency shifts observed for aniline in dilute and 
concentrated solution. 
Fuson, Josien, Powell and Utterback 47 examined the 
effect of concentration changes on the NH stretching 
vibrations of pyrrole, indole, carbazole, diphenylamine 
and aniline in carbon tetrachloride solution. With 
increasing concentration of the solut i on, the s harp NH 
stretching vibration in pyrrole and indole decreases in 
intensity and a broader band at lower frequency appears 
similar to that observed for N-methyl urethane and phenol 
(fig. 4). 
In the case of diphenylamine, however, only a single 
absorption band was observed which moved progressively to 
lower frequencies with increasing association of the 
compound. Similar behaviour was found For aniline, both 
the NH absorption bands shifting to lower frequencies with 
increasing concentration . Fuson et al suggest that because 
of the weak hydrogen bonding present in aniline and 
diphenylamine, only a relatively small difFerence in 
freq uency between the associated and unassociated species 
occurs. The effect of this small difference is that , with 
increasing concentration, the unassociated band decreases 
in intensity while the associated band develops , overlap 
between the two bands producing a composite peak (fig. 5) . 
% Absorption 
I 
% Absorption 
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By graphical resolution of the absorption spectre 
at different concentrations , Fuson et al ~ere able to 
locate the approximate frequency of the associated band. 
The frequency difference bet~een the two absorption bands 
and the pK values for the compounds studied are recorded 
in table 11 . 
Compound pK 
Pyrrole 16.5 
Indole 
Carbazole 
Diphenylamine 23 . 0 
Aniline 27.0 
Table 11 
Unassociated 
band frequency 
(cm- 1 ) 
3497 
3491 
3483 
348 3 
3481 ) 
Associated 
band frequency 
(cm - 1 ) 
",3410 
1113420 
'" 3400) 
) 3436 
) 
lA 3440) 
) 
3395) "'3360) 
Frequency 
difference 
(cm- 1 ) 
V\ 90 
lA 70 
"'35 
For diphenylamine and aniline it is seen that the 
separation bet~een the associated and unassociated bands 
is only about half that observed for indole and pyrrole. 
Although the frequency differences between the unassociated 
bands are small , the frequenc i es decrease ~ith increasing 
acidity of the compounds . This is in agreement with the 
48 
conclusions of Wheland ,who on the basis of the theory 
of resonance suggests that pyrrole is a ~eaker acid than 
indole and carbazole, and aniline a weaker acid than 
diphenylamine . Although a direct proportionality bet~een 
the relative frequency shift (6.")1 I)J ) and the energy 
----- - - - - - ------- - - - - - - - - - - - - - - - - - - - - - -
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of the hydrogen bond is not always fo un d , Fuson et al 
conclude that whil e hydrogen bo nd i ng for all these 
compounds is weak, the bon din g for pyrrole , i ndo le a nd 
carbazole is stronger than for aniline and diphenylamine. 
fn this connection, o ne aspect of the present investi-
gation i s to determine the association constants from 
ultra-violet absorption data for indole, carbazole and 
aniline to dioxan in cyclohexane solution , in order to 
assess th e relative magnitud e of th e hy droge n bonding 
interaction with dioxan . 
(ii) Frequency shift , L\~ • correlations 
Fo r a variety o f solid state systems wh ich possess 
well def i ned hydrogen bonded spec ies such as X- H •••• Y, i t 
has been shown that the difference ( b. ~ ) be twe en the 
' free ' and ' bonded ' X-H s tr etch ing frequencies i s i nverselY 
related to the X •••• Y distance, and direct l y related to 
the X-H distance . The increase in length of the X-H bond 
o n hydrogen bonding 49 has been conf irmed by pr ec i se measure-
ments of X-H bond len gths us ing neutrondiFfrac tion and 
proton magnet i c resonance spectrosco py . 
50 Badger and Bauer have suggested that the energy of 
a hydrogen bond i s linearl y related t o Il» and Fox and 
marti n43 used the morse curve to s how that 11» I» 
s hould be related to LlH . 
J o nes and Watkin son 51 investigated intermolecular 
bondin g between a s e r ies of substituted phenols (electron 
acce ptors ) and n-heptyl fluoride ( NH F- electron donor) 
in tetrachloroethylene (TCC) and found that Il» ( ).lTCC _ OH 
" NHF/TCC) d h H were related in a linear manner. These 
""- OH an 
workers suggest that if th e atoms directly invol ved in 
------------------------------------------------------------------------- -
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hydrogen bonding remain the same throughout the series, 
t he va r ia ti on of hyd r oge n bo nd str en gth ari s e s f r om 
th e in f luence of the subs tituen t on the acid i ty of t he 
phenolic hydroxyl group , and when the systems being 
compared have the same electron donor atom, the 4» values 
may give a reliable indication of relative hydrogen bond 
strengths . 
Bellamy , Eglinton and morma n52 have compared the 
associat i on constants fo r t he interaction between 0 -
substituted phenols and ethers with the frequency shift 
/J» of the OH stretching band, /:;» being defined by 
A" = "hexane _ " ether/CC14 
UY = Y OH YOH • For the unhindered phenols 
studied , t he /:;)) values were found to vary systematically 
with the basicity of the ethers, the order being as follows : 
BU; 0) Pr; 0 ) te tr ahydrof uran) BU~ 0) Et2 0» (me3Si)2 O. 
Previous studies by Bellamy and Williams53 also 
demonstrated that the OH stretching frequencies in phenols 
vary syste mat i call y with basicity of the so l vent . These 
workers po in t ou t that the 4»/» values for anyone 
ph eno l in a se ri es of sol vents ca n be pl otted direc tl y 
agai nst the cor r esponding values fo r any othe r in t he same 
so lv ents to give a straigh t line ( fig . 6) . 
I n t ermolecul ar hydrogen bonding , which is responsib l e 
for t he frequency shift in proto n-accepting solvents such 
as dio xa n a nd diet hyl et her , a l so oc curs t o a l esse r extent 
in o th e r so lv ent s and has bee n t he s ubjec t o f mu c h in vest i -
ga ti on . 54 Th e s tu di es of Josie n a nd Fuson , a nd those of 
Bellamy , Hallam and Wil l iams 55 of t he inf luence o f th e 
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solvent on the frequency shift experienced by a so lut e 
in solution are noteworthy . Th e latter work e rs have 
compa r ed relative frequency shifts for different solutes 
in the same series o f solve nt s (fig. 7) . All hyd r ogenic 
stretching frequencies yield l inear BHW plots having two 
features:-
(i) a characteristic slope' s ' and 
(ii) there is no disco nti nuity observed on 
passing from non-polar t o polar solvent. 
The BHW comparison eliminates all those properties of 
the solvents which operate to a similar extent for the 
two so lutes . Th e widely differi ng slopes, illustrated 
in fi g . 7 indicate that the properties of the so lute 
molecules are of paramount importance , and therefore 
the frequency shifts are primarily due to specific group 
interactions in the various solute series : 
G+ o-
X - H •••• 0 X-H ....... N 
0+ 0-
X- H .... Cl-C 
d+ 6-
X- H .... IT 
Thu s , intermolecular hydrogen bonding which is responsibl e 
for the frequency shi ft in proton-accepting so lvent s also 
occur s to a lesser extent in so lv e nt s such as benzene , 
where the IT - electron cloud is involved, and carbon 
tet r achloride , where the interaction is directed towards 
+ 
the chlorine atom of t he C - Cl dipo le. 
Cutmore and Hallam56 exami ned the slopes (s-values) 
of the BHW plots for the N- H bonds in a variety of primary 
amines and foun d the following relationship : 
5 = 0 . 375 pKa + 2.35 .... (16) 
phenol 
Pyrrole 
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fig 6 
100 
50 
0~Ot.------------------------~5~0~------------------------"10~O; 
3 
, /;. V/ V x 10 ,ub,tituted phenol 
fig 7 
100 
50 
HBr 
OLO~~----------------------~50~-------------------------UIO~O~ 
3 /;.~)J x 10 
I 
I 
I 
i 
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This relationship covers primary bases of all structural 
types with a wide range of basicity . The following 
relat i onship : 
5 ~ 0.273 pKa + 1.35 •••• (17) 
was found to hold for all secondary bases . In discussing 
relationships between frequenc y shifts and acidity, it may 
be noted that whereas /)''Y values reflect the acidic 
character of the solute in a given solvent , ' s' values are 
independent of the solvent and reflect the absolute acidity 
of the solute. 
Ibbitson and Sandal1 32 examined the OH group stretching 
frequencies for a series of p- substituted phenols in a 
cyclohexane-dioxan solvent mixture of dioxan weight 
fraction 0 . 0131 . Th e OH frequency shifts (6'Y) with 
respect to phenol in cyclohexane, considered to be e 
measure of the strength of hydrogen bonding to dioxan , 
were found to be linearly related to the Hammett sub-
stituent constant ~ The results are recorded in 
th e co rre s po ndi ng 
table 12 With~lo9 (~)J) and pKa values in water. 
Table 12 
Substituted Phenols 
Substi tuent log(6\.l ) pKa (in 
water) 
p- F 
p- Cl 
p-B r 
p- CoCH3 
p-C N 
215 2 . 332 
222 2 . 346 
231 2 . 364 
247 2 . 393 
251 2 . 400 
277 2 . 443 
292 2 . 465 
328 2 . 516 
10.19 
9 . 95 
9 . 95 
9 . 3B 
9.34 
8 . 05 
7 . 95 
7.14 
- 0 . 170 
0 . 0 
0 . 062 
0 . 227 
0 . 232 
0 . 5 16 0 . 874 
0.628 1. 000 
0.778 1.270 
I 
I 
I 
I 
I 
I 
f 
l 
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It is interest i ng to note that , whereas 6~ and log(n~ ) 
s hows a li nea r de penden ce on th e ' no r ma l ' values for 
t he Hammet t s ub s t i tuent con s tant d , t he pKa values are 
* linearly related to the ' enhanced ' parameter d for the 
strongly interacting (-m) substituents, - CoCH 3 , - CN, and 
- N0 2 • 
One object of the present investigation is to examine 
the NH stretchi ng frequency in cyclohexane and dioxan , 
for a series of p- subst i tuted an i l i nes , in order to 
assess the effect of p- substitution, in terms of the 
Hammett substituent constant d , on the strength of 
hydrogen bonding to dioxan . 
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C - HYDROGE N BOND I NG AT THE SOLUTION - SOLID INTERFACE 
BeFo re disc u ssing sorpt i on systems characterised by a 
hydrogen bond i ng mechanism of sorpt i on , more general aspects of 
the sorption phenomena must be brieFly considered. 
It is usu al to discuss ex per im enta l sorption data in terms 
o f a n adsorption iso th e rm, in which the c hang e in mol e fraction 
of a component of a binary soluti o n after sorption is plotted 
against th e eq uilibrium mole fraction in the mobile phase . 
Recent applications of thermody na mic theory to the process 
of adsorpt i on at t he solut i on - solid interface has resulted in 
the deve l opment of isotherm equations for perfect and imperfect 
57 58 
systems ' Co mpar i son of the results of experiment with the 
predi ct i o n s of theory are not ge n erall y possible h o we ver, mainly 
because of the absen c e of suff ici ently accu rate data o n the 
properties of bulk solutions . It is nevertheless, of interest 
to exam in e some of the implications of the theory and considera -
tion wi ll be brieFly gi ven to the process of so rpt ion from 
completely miscible liquids and from dilute so luti on of involati l e 
solids . 
1 . Sorption from completel y miscible liquids 
Sorpt i on at the solution - solid in terFace is dist i nguished 
f rom that at the gas- sol id interFace by the fact that in the 
Forme r case the surface is completely occ upied under all 
e quilibrium concentrations by mo l e cules of ea ch co mp o nent in 
the so lu tio n. 
1 
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Considering a binary system consisting of components 
, and 2 , then if , 
1 
mole fraction of component , in the liquid phase x, = 
1 
mole fraction of component 2 in the liquid phase x 2 = 
s 
moles of component , adsorbed at the surfece n, = 
s 
moles of component 2 adsorbed at the surface n 2 = 
0 total number of moles present n = 
6. x, = Change in mole fraction of component , in the 
liquid phase on adsorption 
m = mass of adsorbent 
it can be shown on purely mathematical grounds that, 
•••• ('8) 
this being the isotherm expression for concentration change. 
Equation ('8) is often referred to as the composite 
isotherm because it represents sorption of both components of 
the solution . The experimentally determinable quantity is l> x,. 
In order to evaluate the individual isotherms it is necessary 
s s to formulate a further relationship between n, and n2 to be 
used in conjunction with equation ('8). 
Kipling and TesterS9 assumed monomolecular adsorption 
of the two components at the solution-solid interface from which 
it follows that 
.... (19) 
where A = surface area of the solid 
= partial molar area requirement of component , 
= partial molar area requirement of component 2 
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By separate vapour adsorption of the two components, mono -
layer values for each componen t can be determined by the 
8 .E.T. method and hence: 
(n~)m A1 = A 
(n;)m A2 = A 
where (n~)m = 
s (n 2 )m = 
Combining equations 
number of 
monolayer 
number of 
monolayer 
(1 9 ) , (20) 
= 1 
• ••• (20 ) 
• ••• (21 ) 
moles of component 1 in a 
moles of compo nen t 2 in a 
and (21 ) gives: 
• • •• (22) 
The combined application of equations (18) and (22) permits 
the individual isotherm for both compone nt s to be calculated . 
57 Everett has pointed out that in order to obtain an 
assessment of the sorption characteristics of real systems , 
it i s important to have an ideal model for reference purposes . 
8y defi ning a perfect solution- solid interface , for which the 
adsorbent s ur face consists of a regular array of eq uiv alent 
adsorption sites, and assuming that only monolayer adsorpt i on 
takes place at this interface , Everett derived the following 
equation : 
0 s I I ( K-1 ) n 6. x1 n Xl x2 
= I • ••• (23 ) m 1 (K-1) + x1 
where K = s I •••• (24 ) x1 x2 
s I 
x2 x1 
and nS = total number of moles in a monolayer 
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Equati on (23) represents an ideal composite isotherm expression 
for a binary system and may be tested by rearranging to give, 
= 
1 from which a plot of x1 
+ l ) 
K-1 
•••• (25 ) 
against x~ should be linear. 
Theore.tical adsorption isotherms may be calculated from 
equation (23) by assuming various values of K and these take 
the form shown in fig. 8. Corresponding individual isothsrms 
calculated from equation (24) in a similar manner are shown in 
fig . 9. 
1-0 , 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
fig. 8 
\ 
0-5 I-a 
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fig. 9 
"0 
2. Sorption of solids from dilute solution 
In dealing with solids in solution it is normal to refer 
, to the solvent as component 1 and the solute as component 2. 
Since adsorption of solute is to be considered, an isotherm 
expression for the concentration change of component 2 can 
be derived in a similar manner to equation (18), that iSI 
= •••• (26) 
When applied to the adsorption of sparingly soluble solids 
I ' 1 from dilute solution, where x2 is small and x1~1, equation 
(26) becomes 1 
= •••• (27 ) 
and the isotherm of concentration change almost coincides with 
the individual isotherm for component 2. 
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This situation is very common in the case of sparingly 
soluble solids strongly sorbed From dilute solution. For 
more soluble solids however, and particularly if adsorption 
of the solvent is appreciable, the term n~ x; in equetion 
(26) cannot be neglected and the composite isotherm will 
diverge From the individual isotherm (Fig. 10) 
1'0 
\ 
\ 
l m:mole. g'1) 
O'S 
\ 
\ 
\ 
" 
/ 
/ 
/ 
/ 
/ 
Sorption of malonic acid on Grophon 
from aqueous solution 
-
-
-
---
- -
---
0'1 
mole fraction of molonic acid in liquid phase 
- -
--
Fig. 10 
. composite isotherm 
j ndividual isotherm 
0'2 
In the evaluation of the individual isotherms From equa-
tion (22) and (26), both (n~)m and (n;)m must be known. 
is readily determined by vapour phase adsorption of the pure 
solvent bu~ this method is not possible when component 2 is 
a solid. 
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It then becomes necessary to assess (n;)m by considering 
the geometry , orientation and method of packing of the molecules 
on the su r face . Arriving at a value for the area per molecule 
in this manner and knowing the surface area of the adsorbent, 
(n;)m can be calculated. 
Orientation at the solution-solid interface is determined 
by the nature of the adsorbent surface and the molecular 
architecture and polarity of the sorbed species . On polar 
surfaces such as Ti0 2 , Al 203 or non - polar surfaces with polar 
centres such as Spheronb, it is likely that if the sorptive 
molecule is monofunctional it will tend to be disposed perpen -
dicularly to the adsorbent surface . 
On various aluminas, lauric acid for example, was found 
to be sorbed with the major axis of the molecule perpendicular 
to the surface. The molecules were not close - packed implying 
adsorption on specific sites at the surface, the spacing of 
the adsorbed molecules being determined by the spacing of the 
crystal lattice 60 These results have been confirmed by 
adsorption of stearic acid on samples of alumina and titania 
of known specific surface area, on which stearic acid adopts 
d " I "t t" 61 a perpen lCU ar orlsn a lon . The lattice spacing of ~-AI203 
monohydrate are such that specific site adsorption of st earic 
acid results in only about half the specific surface area 
being covered . Sorption of stearic acid on close packed oxide 
or hydroxide ions however , gives almost complete surface 
coverage . 
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It is concluded therefore, that in assessing (n;)m careful 
consideration must be given to the possible mechanism of the 
sorption process and in the case of specific adsorpt ion, to 
the disposition of sorption sites on the surface in relation 
to the size of the adsorptive molecule. 
57 On the basis of thermodynamic theory, Everett has 
established a relationship between the adsorption process and 
the extent of adsorption of a component at a model interface. 
Considering the equilibrium ( 1 )s + (2)1 t- (1)1 + (2)s , an 
equilibrium constant K, can be defined by: 
= •••• (28 ) 
R 1 " s b 1 s 1 b 1 1 d s b SI s " t" ep aC1ng x1 y - x2 , x1 Y - x2 an x 2 y n2 n 1n eq ua 10n 
(28), the individual isotherm for component 2 can then be shown 
to ba: 
= •••• (29 ) 
Equation (29) would of course, only be valid for sorption 
systems conforming to the limitations of Everett ' s model. In 
fact, in most cases of sorption at the solution- solid interface 
it would not be expected to hold. 
Despite the inapplicability of equation (29) to almost all 
systems involving sorption of completely miscibl e liquids, it 
often surprisingly fits the isotherms obtained for the sorption 
of solids from di lut e solution . No complete explanation of 
the applicabi l ity of equation (29) has been given . It must 
be realised however, that if equation (29) is applied to the 
adsorption of solids from dilute solution the experimentally 
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determine~constants of the equation do not necessarily have 
the significance attached to them by Everett. 
3. Hydrogen bonding interaction with the adsorbent surface 
In addition to hydrogen bonding being responsible, in 
many instances, for the process of association in solution, 
this interaction may also be important at the solution - solid 
interface. 
much evidence exists that hydrogen bonding is responsible 
for the sorption of non-ionic solutes from non-polar solvents 
on to activated alumina 52 , 53. In the case of adsorption of 
long chain fatty acids from solution in non-polar solvents 
on to oxide surfaces, perpendicular orientation of the sorptive 
molecules at the interface will occur. For example, in the 
case of lauric and stearic acids, hydrogen bonding of the 
carboxyl group with a surface oxide or hydroxyl group will then 
be the responsible mechanism of sorption at an alumina interface 
60 61 from non - polar solvents ' 
The sorption of lauric acid has been particularly studied, 
these molecules being adsorbed at specific sites on an 
alumina surface. Each lauric acid molecule is found to occupy 
an area equivalent to four oxygen atoms (27~2) at the inter -
face . The adsorption of lauric acid from an inert solvent 
such as pentane provides a relatively simple method of detar -
f 1 t " 60 mining the surface area 0 an alumina adsorbent from so u lon • 
The significance of hydrogen bonding as the essential 
mechanism of adsorption has been demonstrated by Ibbitson, 
64 Jackson, mcCarthy and Stone These workers studied the 
sorption of substituted azo compounds from benzene at an 
I 
I 
I 
I 
r 
I 
l 
I 
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alumina surface and found that replacement of the hydrogen of 
the hydroxyl group in 4 - hydroxy - azobenzene resulted in 
negligible sorption of 4- methoxy- azoben zene at the interface . 
Replacement of both hydrogen atoms of the amino group in 4-
amino - azobenzene by methyl groups produced a similar result. 
In the case of adsorption of phenols from cyclohexane 
solution on to activated alumina , Eric , Goode and Ibbit son31 
demonstrated that the surface saturation values were in accord 
with an "edge - on " orientation of the phenol molecule at the 
adsorbent surface and the probabl ~ mechanism of sorption was 
that of hydrogen bonding of the OH group to the alumina surface. 
25 Hawley has recently investigated the sorption character -
istics of a series of p-substituted phenols From cyclohexane 
a t an alumina interFace . The dominant interaction at the 
solution- solid interFace was again Found to be that of hydrogen 
bonding. Defining an arbitary index of sorption (K S ) as 
"the number of moles of phenol sorbed at constant relative mole 
fraction (x~/x~ sat . ) of phenol in the mobile phase", Hawley 
found that the plot of log KS against ~ was almost lin ear 
(fig. 11). 
fig. 11. 
51 
fig. 11. 
log K, 
eN 
· 0·2 o 0·2 
It wae concluded t~at tha index of Borption aB dsfined 
in this mannsr reflecte the change in electrical cheracter of 
the OH group brought about by subetitution in the psra position. 
One aspact of the present investigation ia to et.udy the 
sorption charactsristics for a •• riee of p-eubetitutad anilin.s 
in order to aessea the B~fect of substitution on tha .0rp~10n 
affinity of tha N-H bond .for an alumina aurfaca. · 
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E X PER I mEN T A L 
53 
The investigation undertaken in this thesis consists of 
a study of the influences of p- substitution and so lvent 
interaction on the following properties of the N- H bond in 
ani li nes : 
(1) the group st r etc hi ng f r equency in the near - inf rared 
(2) the hydrogen bonding tendency in solution of the 
NH2 gro up to dioxan as reflected in; 
(a) the assoc i ation constant and 
(b) the dipole moment of the molecule . 
(3 ) the hydrogen bonding aff init y of the NH2 group for 
an activated a lumin a su rf ace as evaluated fro m 
measurements of sorpt ion at the sol u t i o n- so li d 
interface . 
The exper imental wo rk consists of the measurement of 
near - infrar ed spectra in cyclohexane and dioxan , t he deter -
mination of assoc i at i on constants to dio xa n in cyclohexane 
so l ution and the measurement of dipole moments o f a series of 
p- substituted ani lin es . 
Adsorption isotherms of the substituted anilines in 
cyclohexane solution have been determined for the process of 
sorpti on at an activated alumina interface. Pr eliminary 
character i sation of the a lumina surface is ma de by the methods 
of gas sorption, so rptio n fr om solution, gravimetric analysis, 
opt ical and electro n microsc opy, and X- ray diffraction . 
--- ---- - ---------------------
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A - GROUP STRETCHING FREQUENCY IN THE NEAR -I NFRARED 
1. mate rials and Apparatus 
(a) Th e Solvents 
Cyclohexane was dried and fractionally distilled over 
sodium . The fraction boiling at SO . SaC was collected and 
stored under anhydrous conditions . 
oioxan was dried for several days and then heated under 
reflux with sodium for about 4 hours. The dioxan was fractionally 
distilled through a one metre column packed with Fenske helices 
and after di s carding an initial amount of di s tillate, th e 
fracti on boiling at 101.4oC was collected and stored under 
anhydr ous condition s . 
(b) The Solutes 
p-Acetylaniline 
Commercial grade p- acetylaniline was recrystallised fr om 
(SO-100) petroleum s pirit and dri e d in ~acuo over paraffin 
wax (mp 106oC). 
Aniline 
' Analar ' grade aniline was fractionally distilled under nitrogen 
at atmospheric pressure and the fraction boiling at 1S4 oC/76omm 
was collected . 
p- Anisidine 
Commercial grade p-anisidine was recrystallised from (60 - 80) 
petroleum s pirit and dried in vacuo over paraffin wax . (mp 5g0C) 
p-Bromoaniline 
Commercia l grade p-bromoaniline was recrystallised from (80 - 100) 
petroleum spi rit and dried in vacuo ove r paraffin wax . (mp 64°C) 
55 
Carb a z o l e 
Commercial grade carbazo l e was recry stallised from e thyl 
alcohol and dried in vacuo o v e r silica g el. (mp 246°C) 
p-Chloroanili ne 
Commercial grade p-chloroaniline was recrystallised from 
ethyl alcohol and dried in vacuo over silica ge t. (mp 7o o C) 
p - Cya noan iline 
Co mm e r c i al grade p - cya noanili ne was recrystallised from an 
80/20 mixture of (60 - 80) petroleum spirit/benzene and dried 
in vacuo over paraffin wax. (mp 86 o C) 
Indole 
Commercial grade indole was recrystallised f r om (40 - 60) 
petroleum spirit and dried in vacuo over paraffin wax . ( mp 52°C) 
p-Ni troanili ne 
Commercial grade p-nitroaniline was recrystallised fr om a 
50/50 mixture of ethyl alcohol/water a n d dried in vacuo over 
silica gel . (mp 149 0 C) 
p - To luidine 
Co mmer cial grade p-to luidine was recrystallised from (80-100) 
petroleum spirit and dried in vacu o ov er paraffin wax. (mp 44 o C) 
( c) Th e Apparatus 
Spectroscopic measurements in the near - infrared were 
determ ined by mea n s of a Unicam S.P. 7oo recording s pectro -
photometer. The instrument was fitted with an absorbance unit 
(Unicam) and a luminium cell housing s which p e rmits the control 
o f cell temperature b y the ci r culation o f water at 25 + 0 . 02o C 
from a thermostaticall y controlled water bath . 
In the region of interest, 4000 - 3000 cm - 1 , the radiation 
f r om a tungsten filament lamp is dispersed by a grating (me rton -
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N. P. L. replica, 7500 lines/in. , blazed at 3333 cm - 1 ) disposed 
at an angle to the inc i de nt beam . The mo nochromatic radiation 
from the ex'it slit is divided into two parts and passed a l ter -
nately through the sample and reference cells. The two beams 
are then focused on a lead sulphide detector and the signal 
from the latter pesses to a recorder which displays the 
transmittance or optical density of the sample cell with respect 
to the reference cell . The slit width is controlled auto -
matically such that the energy detected in the refere nce beam 
is constant at a level determined by the resolution setting. 
Th e spectrum is presented on the cha rt of a Honeywell 
recorder as a linear graph of percentage transmittance or 
( - 1) -1 absorbance against wavenumber cm ,every 20 cm being 
marked automatically by two pens at the edges of the chart. 
The instrument has 5 scanning speeds and 4 chart speeds 
which allow optimum conditions to be selected for frequency 
measurement .. -1 A series of multipots are provided at 100 cm 
intervals , to adjust the 100% transmittance line as a function 
of wavenumber and so compensate for differences in the trans-
mission of the sample and refer encecells or for differences 
in the optics of the two beams . 
(d) Procedure 
The concentration of the compound in each solution was 
chosen to give approx imately 50% transmi t tance . At these 
concentrations sol ute- solu t e interactions pro ved to be negligible . 
Flasks containing the solut i ons were stored in a thermostat i cal l y 
+ 0 
cont r ol l ed water bath ( 25 - 0 . 02 C) and wate r f ro m the l atter 
- - -- -- -- ------------------------
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was circulated through the cell housings with the aid of an 
electric pump for about 2 hours before any measurement s were 
made . 
80th cyclohexane and dioxan absorb radiation quite strongly 
in the region investigated and accordingly , cells of small path 
length must be used . The two cells (1mm for cyclohexane solutions , 
1mm for di oxan solutions) were rinsed and filled with the 
appropriate solvent, then mounted in the cell compartments . 
The mul t ipot s Were adjusted at 100 cm - 1 intervals over the 
range required and a solvent-solvent base line recorded . The 
sample cell was then refilled with a solution of the compound 
and after allowing sufficient time (5 mins.) for the cell to 
reach temperatur e eq uilibrium, the spect rum was recorded . 
After a series of measurements had been made the solvent-solvent 
base line was rechecked . 
The absorption bands of water vapour in the atmosphere were 
- 1 
recorded in the range 3700- 3500 cm at the end of each series 
of measurements . The peak frequencies were located with a 
- 1 
vernier scale to the nearest 0 . 5 cm and compared with the 
pr ec i se literature values 65 • Th e indene peak 65 at 3297 . 0 : 
1 . 5 cm- 1 was used for freq uency calibration in the vicinity of 
3300 -1 cm -1 Th e hydrogen emission line at 3052 cm was also 
used as a routine calibration check and was always found to 
• -1 be within - 0 . 5 cm of this value . 
The following control settings on the spectrophotometer 
were used : 
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Cyclohexane 501ns. Dioxan SoIns. Water Vapour 
Chart speed (in/hI' ) 80 80 80 
Absorbance range 0-100% 0-100% Energy 
Damping 2 2 3 
Scan Speed 4(78cm- 1/min) 4(78cm- 1/min) 5(26cm- 1/min) 
Resolution 3 3 5 
markers 20cm -1 20cm -1 20cm -1 
Slit width Auto Auto 0.11mm(fixed) 
2. Experimental Results 
The experimental results are recorded in table 13. 
Compound 
p-anisidine 
p-toluidine 
aniline 
p-chIoroaniline 
p-bromoaniline 
p-acetylanilina 
p-cyanoaniline 
p-ni troaniline 
indole 
carbazole 
Table 13 
Frequency of maximum Absorption 
Cyclohexane 
3477 
3485 
3488 
3490 
3505 
3508 
( -1 » 5 cm ) 
3387 
3393 
3398 
3402 
3403 
3412 
3415 
3498 
3488 
Dioxan 
» AS(cm- 1 ) 
3436 
3444 
3448 
3447 
3447 
3450 
3444 
3447 
\ 
'\) 5 (cm -1 ) 
3357 
3361 
3363 
3363 
3363 
3360 
3360 
3358 
3330 
3314 
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B - ASSOCIATION TO OIOXAN 
1. Introduction 
Ultraviolet spectroscopy has been used by many workers, 
notably, Benesi and Hildebrand66 , Ketelaar et al 67, Nagakura et 
119, 68, 69 a , 70 71 and Keefer and Andrews ' to determine the 
, 
equilibrium constant of complex formation in solution. 
72 On the basis of spectrophotometric theory, Rose and Drago 
devised a general method for treating absorption data for any 
donor-acceptor system. The general equation for the equilibrium 
involved is: 
o + A ;:= OA 
whare 0 is an electron pair donor (e.g. dioxan) 
A is an electron pair acceptor (e . g. aniline) 
By assuming the additivity of absorbances for solutions 
containing both complex (OA) and acceptor (A), in a region of 
the spectrum in which the donor molecule (D) doee not absorb, 
Rose and Orago derived the following equation for the equilibrium 
constant (K) of complex formation. 
where 
K- 1 
" 
COCA(E c - EA)/(A - A ) - CD + (A - Ao)/(EC - EA) - CA 0 
.... (30) 
CD " ini tial concentration of donor 0 (dioxan) 
CA = initial concentration of acceptor A (aniline) 
EC = extinction coefficient of t he complex OA 
EA " extinction coefficient of the acceptor A 
A = absorbance of a solution containing com plex and 
acceptor at a suitable wavelength 
A "absorbance of a solution containing the initial 
o 
concentration (CA) of acceptor measured at the same 
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wavelength as the absorbance A. 
Equation (30.) may be solved for the equilibrium constant K 
if a series of optical densities A corresponding to solutions 
containing different equilibrium amounts of complex and acceptor 
are known. Accordingly, the optical densities A and that of A 
o 
can be measured experimentally at a selected wavelength for a sariee 
of solutions in an inert solvent containing a constant initial 
amount of acceptor (CA) with varying concentrations of donor (Co). 
If the experimental conditions are chosen such that CO » CA 
and EC > EA then, (A - Ao)/(EC - EA) - CA may be neglected when 
compared to COCA(E C - EA)/(A - AD) - CD and equation (30) reducss to • 
.... (31 ) 
or 1 .... (32) 
(A - A ) 
o 
Equation (32) has besn used by Nagakura et a1 17 , 73, 68 to 
evaluate equilibrium constants of complex formation, since a 
linear plot of 1/(A - A ) against 1/CO' extrapolated to 1/(A - A ) ~ 0, o 0 
gi ves the aquilibrium constant as K --(1/C
o
) t 1 t d (fig. 13). 
eX rapo e a 
o 
o 
K-_(l/C l 
- - 0 extropolote~. 
II.C 
- 0 
(rig. 13) 
.. 
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An alternative method of evaluating equilibrium constants from 
absorption data has been proposed by Grunwald and Coburn74 which 
possesses the advantage of designating a numlerical "sharpness of 
fit" to the experimental data. 
Considering the process as before: 
D + A DA 
if CD») CA' the equilibrium constant K is given by: 
where eC C = equilibrium concentration of comple x DA. 
Equation (33) can be rearranged to give: 
• ••• (33 ) 
• ••• (34 ) 
If an approximate value of the equilibrium constant K, which 
can be obtained from a plot of 1/(A - Ao) against 1/CD by Nagakura's 
method (equation 32) is introduced into equation (34), a series of 
values for eC C can be calculated for a corresponding series of 
experimental values of CD and a single experimental value of CA • 
The equilibrium concentration of acceptor eC A, absorbance due to 
the acceptor AA' and absorbance due to the complex AC can be 
calculated for each value of eC C using equations (35), (36), (37): 
eC A = CA - eC C • ••• (35 ) 
AA = eC A EA = eC A A/CA • ••• (36) 
AC = A - AA • ••• (37) 
The validity of the epproximate K value is assessed by fitting 
the AC and eCe data obtained in this manner to equation (38) using 
the method of least squares. 
• ••• (38) 
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From the equation (AC = m.eCC + C) for the best straight line 
obtained for the AC and eCC data, a corrected value for the 
1 
ab&erbance due to the complex (AC) may be calculated and the 
standard error of fit (E) for the AC and eCC data computed by 
equation (39) 
Standard error •••• (39) 
The calculation is repeated for other values of K, and the 
standard error of fit to equation (38) is plottsd against the 
assumed value of K. This curVe should have a single minimum which 
indicates the best value of K (fig. 14). 
fig. 14 
.Standard _ 
. errorof fit 
( El 
, 
Assumed velue of K 
To obtain some measure of the reliability of the calculated 
equilibrium constant the sharpness of fit (S) can be evaluated as 
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a function of this value of K. For this purpose, the standard 
error of fit (E) is ca lculated for values of K 10% on either side 
of the minimum value of K. The ratio of the percentage change 
in fit to 10 (the percentage change in K), calculated by equation 
(40), is then defin e d a s the s harpnes s (S). 
Sharpness of fit (S) = ECK + 10%) - ECmin ) 
E(min) 
x 100 
10 
•••• C 40 ) 
Conrow, Johnson and Bowen75 heve undertaken machine computation 
of essoc i ation constants using synthetic absorption data and also 
experimental date published in the literature. Fortran pr ograms 
were writ t en in term s of the Grunwald metho d in en attempt to 
aSSess the importance of the concentration parameters CA and Co ' and 
\ 
the absorbance measurements A, on the calculated equilibrium co nstant 
K. On the basis of their result~ Conrow et al suggest that the 
sharpness of fit should be 20 or more for a reli ably determined valu e 
of K. 
2. Experimental Procedure 
Association constants for the process: 
p-substi tuted aniline + dio xan ;= complex 
have been determined from absorbance measurements at a predetermined 
wavelength in the ultraviolet, for a series of solutions of the 
substituted aniline in cyclohexane-dio xa n mixtures of varying 
composition. 
(a) Apparatus 
A Unicam S.P.SOO Photoelectric Quartz Spectrophotometer, fitted 
with an accurately thermostated cell compartment, was used to measure 
absorbances at 25° and 35°C. 
This instrument can be used to inv e stigate t he absorption 
characteristics of compounds in solution throughout the visible and 
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ultra-violet regions (200-1000 m~ ) of the spectrum. Two light 
sources are available, a deuterium discharge lamp which is 
operated with a stabilised current of 300 mA is used for the ultra-
violet region (200 - 320 mf )' and a tungsten lamp for the visible 
region (320 - 1000 m} ). The monochromator assembly consists of 
a quartz prism and collimating mirror with a slit aperture 
calibrated from 0.01 to 2.00 mm. Two photocells are employed, a 
red sensitive cell for use above 625 m/ I., and an ultra-violet 
sen si ti VB cell for use below 625 m; . A Labgear Power Supply 
Unit 1150 provides a supply of 6v at 6A.D.C. for the tungsten 
filament light source, and also 6v and 2v at 100 mA.D.C. for valve 
filament heating. The photo-cell current is fed to a two-stage 
amplifier and passes to an indicating meter which is adjusted to 
zero current by a potentiometer calibrated in both absorbance and 
percentage transmission scales. 
(b) Preparation of Solutions 
The following compounds were used; p-anisidine, p-toluidine, 
aniline, p-chloroaniline, p-bromoaniline, p-acetylaniline, 
p-cyanoaniline, phenol, indole and carbazole. An approximately 
10-A molar solution of the compound (solution A) in cyclohexane 
was prepared accurately at 25 0 C. 
A graded series of solutions were prepared for absorbance 
measurements by weighing suitable volumes of dioxan (e.g. 1.3, 
1.6, 2.2, 3.0, 7.0, B.O and 10.0 ml.), adding 30 mls of solution A 
o 
and diluting to 50 ml with cyclohexane at 25 C. A corresponding 
series of reference solutions were prepared containing the same 
amount of dioxan and diluted to 50 ml with cyclohexane at 25 0 C. 
To prevent oxidation of the compounds the dioxan and cyclohexane 
were purged with dry nitrogen to remove oxygen prior to the 
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preparation of the solutions. 
(c) Determination of Optimum Wavelength for Absorbance Measurements 
A preliminary examination was carried out on the absorption 
spectrum of the compound in cyclohexane and dioxan, using solutions 
of equivalent concentration (approx. 10-4M) in the range 260 -
320 mf . Absorbances wer e measured at 2 m)J- int ervals and plotted 
against wavelength. The absorption curves were superimposed and 
by inspection, a wavelength was chosen at which the difference 
between the absorbances of the two solutions was a maximum. An 
optimum wavelength for each of the compounds studied, was determined 
in this manner. 
(d) Procedure 
Each sample solution of the compound was placed in the cell 
compartment together with the corresponding reference solution. 
After allowing sufficient time (10 mins.) for thermal equilibrium 
o to be attained at 25 C, the absorbance of the solution was measured 
The absorbance (A ) of the solution containing no dio xan was 
o 
measured with cyclohexane as the reference solvent. The measurements 
o (-1 ) were repeated at 35 C. The concentration of dioxan CD mole litre 
and aniline (CA mole litre-1 ) at 35 0 C was calculated from the ratio 
of solution densities at 25°C and 35 0 C by equation (41). 
Concentration of = 
component at 35 0 C 
Concentration of 
o 
component at 25 C 
x density of solution at 35 0 C 
density of solution at 25 DC 
.. , . ( ... )
The ratio d 1 35 0 C/d I 25 0 C was found to be essentially constant 
so n. so n. 
over the range of concentration considered and was taken to be 
0.98726 . 
(e) Experimental Results 
The experimental results are recorded in tables 14 to 23 . 
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Table 14 l1-anisidine 
Teml1 = 25 0 C Teml1 = 35 0 C 
CO(mole 1-1 ) A (327mf ll Co (mole 1-1 ) A ( 327m),) 
0 . 37142 0.213 0.29597 0.197 
0 . 51077 0.232 0.36669 0.206 
0.69641 0 . 251 0.50426 0.222 
1.62668 0. 329 0.68754 0.241 
1.85993 0.343 1.60596 0.309 
2.091 60 0.355 1 . 83623 0.326 
2.32547 0.368 2 .06495 0.336 
2. 29584 0.347 
CA = 5.0458 x 10-
4 
CA = 4 .9815 X 10-
4 
A = 0.153 A = 0.157 
° ° 
Table 15 l1-toluidine 
Temp = 25 0 C ° Temp = 35 C 
C
o
(mo1e 1-1 ) A(310mji ) CD( mole 1-1 ) A(310m} ) 
0.37241 0.323 0.36767 0.312 
0.51578 0.347 0 .5 09 21 0.332 
0.70261 0.370 0.69366 0.353 
1. 63583 0.458 1.61499 0.434 
1.87286 0.478 1.84900 0.452 
2.10362 0.490 2.07682 0.467 
CA = 5.5582 x 10-
4 
CA = 5.4874 x 10-
4 
A = 0.249 A = 0.248 
° ° 
Tame = 25°C 
CO(mola 1-1 ) 
0.30456 
0.51655 
0 . 70000 
1 . 63785 
1.87309 
2.11100 
2 . 34315 
CA = 4 .82 16 
A = 0.194 
° 
° Tame = 25 C 
CO(mola 1-1 ) 
0.30199 
0.37468 
0.51573 
0.69941 
1.63772 
1. 87636 
2 .107 46 
2.33663 
x 
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Tabla 16 
A (302m)i) 
0.263 
0 . 299 
0 . 324 
0 . 4 15 
0.429 
0 . 442 
0.455 
10-4 
Tabla 17 
A(315 "}/I ) 
0.294 
0.310 
0.3 38 
0.366 
0 . 449 
0.462 
0.473 
0.486 
CA = 5 . 2652 x 10-4 
A = 0. 213 
° 
a niline 
Tame - 35°C 
Co (mole 1-1 ) 
0 . 30068 
0.36831 
0 . 50997 
0 . 69108 
1. 61698 
1 . 84923 
2 . 08411 
2.31330 
CA = 4 . 7602 x 
A = 0.198 
° 
e-chloroanilina 
Tamp - 35°C 
CO(mola 1-1 ) 
0.29814 
0.50916 
0.69050 
1.61686 
1 .85246 
2 .0806 1 
2.30686 
A (302m)i) 
0 . 257 
0.268 
0.288 
0 . 310 
0 .392 
0.406 
0 . 421 
0.432 
10-4 
A( 315mfl ) 
0.283 
0.318 
0.344 
0.428 
0.440 
0.449 
0.461 
CA = 5.1981 x 10-4 
A = 0.217 
° 
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Table 18 : p-bromoaniline 
o Temp = 25 C 
-1 Co (mole 1 ) 
0.30195 
0.37270 
0.51303 
0.69869 
0.93220 
1.87032 
2.10501 
2.34135 
A (316mJI) 
0.252 
0.265 
0.283 
0.309 
0.327 
0.387 
0.395 
0.402 
CA = 4.4357 x 10-4 
A = 0.185 
o 
o Temp = 25 C 
Co (mole 1-1 ) 
0.30301 
0.37086 
0.51110 
0.70073 
1.62496 
1.85318 
2 .08716 
2.31990 
Table 19 
A (305mp ) 
0.222 
0.236 
0.262 
0.293 
0.378 
0.393 
0.402 
0.412 
CA = 2.5746 x 10-4 
A = 0.118 
o 
o Tamp = 35 C 
Co(mola 1-1 ) 
0.29810 
0.36795 
0.50649 
0.68979 
0.92032 
1.84649 
2.07819 
2.31152 
A (316m}l) 
0.233 
0.244 
0.262 
0.281 
0.304 
0.359 
0.371 
0.378 
CA = 4.3792 x 10-4 
A = 0.180 
o 
p-acatylanilina 
o Temp = 35 C 
Co (mole 1-1 ) 
0.29915 
A (305 ny« ) 
0.36614 
0.50459 
0.69180 
1.60426 
1.82957 
2.06057 
2.29034 
CA = 2.5418 x 10-4 
A = 0.112 
o 
0.197 
0.212 
0.237 
0.263 
0.348 
0.363 
0.374 
0.385 
o Temp = 25 C 
CO(mole 1-1 ) 
0.14087 
0.18634 
0.28052 
0.69907 
0.93326 
1.04982 
1.16916 
1.28497 
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Table 20 
A (276mjA ) 
0.248 
0.261 
0.287 
0.362 
0.391 
0.402 
0.409 
0.422 
CA " 2 . 7153 x 10-4 
A ,,0.193 
o 
Table 21 
0 Temp" 25 C 
Co(mole 1-1 ) A (274m}i) 
0 . 02519 0.393 
0.03369 0.409 
0.06870 0.461 
0.13783 0.50B 
0.57886 0.578 
CA = 5.9717 x 10-
4 
A = 0.315 0 
p-cyanoaniline 
o Temp - 35 C 
Co (mole 1-1 ) 
0.13908 
0.18397 
0 . 27695 
0.69016 
0.92137 
1.03645 
1. 15426 
1.26860 
A (276m/ ) 
0.230 
0.242 
0.263 
0.332 
0.363 
0.371 
0.382 
0.391 
CA = 2.6801 x 10-4 
A ,,0.184 
o 
phenol 
Temp " 350 C 
Co(mole 1-1 ) A(274 mJ) 
0 . 02487 0.374 
0.03326 0.388 
0.06782 0.432 
0.13607 0.480 
0.57149 0 . 549 
CA = 5.8956 x 10-
4 
A. = 0 . 317 0 
° Temp = 25 C 
-1 Co (mole 1 ) 
0.16389 
0.23008 
0.46440 
0.93009 
1.62681 
1.85825 
2.3 2601 
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Table 22 
A(295 n;M ) 
0.170 
0.180 
0.197 
0.212 
0.220 
0.223 
0.224 
CA = 2.1028 x 10-5 
Aa = 0.132 
Table 23 
0 Temp = 25 C 
CD (mole 1 -1 ) A (290m}() 
0.16477 0.198 
0.20788 0.209 
0.46717 0.248 
1.16450 0.296 
1.63306 0.311 
1. 9821 0 0.322 
2.33287 0.328 
CA = 1.7168 x 10-
4 
A
o = 
0.137 
carbazole 
Temp = 35°C 
CD (mole 1-1 ) 
0.16180 
0.22715 
0.45848 
0.91824 
1.60608 
1.83458 
2.29638 
A (295m/,) 
0.155 
0.161 
0.177 
0.195 
0.203 
0.205 
0.208 
CA = 2.0760 x 10-5 
A = 0.125 
° 
indole 
Temp = 35°C 
Co(mole 1-1 ) A(290m/ ) 
0.16267 0.187 
0.20523 0.196 
0.34659 0.218 
1.14966 0.277 
1.61225 0.290 
1.95685 0.299 
2.30315 0.306 
CA = 1.6949 x 10-
4 
A = 0.137 
° 
_J 
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(f) Calculation of Association Constant 
Association constants (K) were calculated by Gru~wald and 
74 Coburn's method , using an I.B.m. 1130 computer. A copy of 
the Fortran program (AKCAL) used is detailed in the appendix. The 
program also includes the alternative method for calculating 
association constants from spectrophotometric data, suggested by 
72 Rose and orago but the results obtained are not included in 
this thesis. 
The method of calculation used was as follows. An approximate 
value of the association constant was used to calculate a series 
of values for eC
c 
(equilibrium concentration of complex), AA 
(absorbance due to acceptor), and AC (absorbance due to complex) 
from the experimentally determined values of CO' A, Ao and CA' by 
application of equations (34), (35), (36) and (37). The value 
of K was selected in the vicinity of the association constant 
calculated by Nagakura's method. 
The data for eC and A was fitted to equation (38) using 
c c 
the method of least squares and corrected values (A1) of A 
c c 
were calculated from the slope and intercept of the straight 
line obtained. The standard error of fit (E) for the eC and A 
c c 
data was then calculated using equation (39). 
The calculation procedure was repeated using other values 
of K and the standard error of fit (E) was plotted against the 
assumed value of K. The curves obtained in this manner were 
found to have a single minimum indicating the formation of a 1:1 
complex and the value of K at the minimum was taken to represent 
the association constant for the complex. A typical Grunwald 
analysis for aniline at 25 0 C is shown in fig 15. 
Stondord 
_ error of f it 
(El 
0 ·08 
0 ·06 
0 ·04 
0 ·02 
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fig. 15 
, E(minl 
As sumed value of K 
Some of the assumed values of K and the standard error of 
f it (E), obtained from the computer print-out for the compounds 
studied, are recorded in tables 24 to 33. 
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Table 24 p-anisidine 
(for values of wavelength, concentrations and absorbances, see 
Table 14) 
Temp = 25°C 
K E 
0 . 72 0.145821 
0 . 62 0 . 116555 
0.52 0.076049 
0.50 0.064846 
0.49 0.058422 
0.48 0.051181 
0 . 47 0.042708 
0 . 46 0.032040 
0.45 0.015071 
0.44 0.023965 
0.43 0.037120 
0.42 0.046731 
0.41 0 . 054698 
0.39 0.067935 
0.29 0.113590 
0.19 0.146906 
= 0.015071 
when K = 0.45 
E(K + 10%) = 0.061634 
5 = 30.9 
Temp 
K 
0.62 
0.52 
0.42 
0.40 
0.39 
0.38 
0.37 
0.36 
0.35 
0.3 4 
0.33 
0.32 
0.31 
0 . 30 
0.29 
0 . 19 
E ( min) 
wh en K 
= 35°C 
E 
0.126434 
0 . 099792 
0.061174 
0.049699 
0.042774 
0.034442 
0 . 023233 
0.010485 
0.027622 
0.037677 
0.045604 
0.052381 
0.058409 
0 . 063904 
0.068994 
0.108682 
= 0.010485 
= 0 . 36 
E(K + 10%) = 0. 046929 
5 ,. 34.8 
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Table 25 p- toluidine 
(For values of wavelength, concentrations and absorbances, see 
Tabl e 15) 
Temp = 25°C 
K E 
0 . 82 0 . 164591 
0 . 62 0 . 099702 
0 . 58 0 . 080476 
0.57 0.074747 
0.56 0.068648 
0 . 55 0 . 061940 
0 . 54 0 . 054400 
0.53 0 . 045614 
0 . 52 0.034647 
0.51 0 . 017852 
0.50 0 . 023760 
0 . 49 0 . 038071 
0 . 48 0 . 04833 1 
0 . 44 0. 076805 
0.33 0.125961 
0 . 23 0.158784 
= 0 . 0 17852 
wh e n K = 0 . 51 
E(K + 10%) = 0.06 9258 
5 = 28.8 
Temp 
K 
0 . 63 
0 . 53 
0.51 
0 . 49 
0.48 
0 . 47 
0 . 46 
0 . 45 
0 . 44 
0 . 43 
0 .42 
0.41 
0 . 4 0 
0 .39 
0 . 29 
0 . 19 
E( mi n) 
whe n K 
= 35°C 
E 
0 . 121924 
0 . 083656 
0.073561 
0.061798 
0.054963 
0 . 047132 
0 . 037690 
0 . 024862 
0.013630 
0 . 031484 
0 . 042407 
0.051059 
0 . 058459 
0 . 065036 
0.111637 
0 . 144776 
= 0 . 013630 
= 0 . 44 
E( K + 10%) = 0 .057697 
5 = 32. 3 
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Table 26 aniline 
(for values of wavelength, concentrations and absorbances, see 
Table 16) 
Temp = 25°C Temp = 35°C 
K E K E 
0.80 0.131223 0 . 80 0.137188 
0.70 0 . 095095 0 . 70 0.108844 
0.66 0.075628 0.60 0.068838 
0.65 0.069882 0.59 0.063395 
0.64 0.063601 0.58 0.057423 
0.63 0.056608 0.57 0.050734 
0 . 62 0.048595 0.56 0.042995 
0.61 0 . 038936 0.55 0.033484 
0.60 0.025849 0.54 0.019794 
0.59 0.013498 0.53 0 . 018431 
0 . 58 0 . 032174 0.52 0.03276 
0.57 0.043484 0.51 0.042536 
0 . 56 0.052433 0 . 50 0 . 050474 
0.54 0.066892 0 . 49 0.057343 
0.41 0.126542 0.37 0 . 111338 
0 . 31 0.159332 0.27 0.142833 
= 0 . 013498 = 0.018431 
when K = 0.59 when K = 0 . 53 
E(K + 10%) = 0 . 069254 E(K + 10%) = 0.059215 
5 = 41.3 5 = 22.1 
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Table 27 p- chloroaniline 
(For values of wavelength, concentrations and absorbances, see 
Table 17) 
Temp = 25°C Temp = 35°C 
K E K E 
1 • 1 0 0 . 142991 1. 00 0 . 160610 
0 . 90 0 . 071103 0.80 0 .1 05037 
0.88 0.059094 0 . 73 0.075696 
0 . 86 0 . 043855 0.72 0 . 070465 
0.85 0.033717 0.70 0.058570 
0.84 0.018682 0.68 0.043450 
0 . 83 0 . 020981 0 . 67 0.033370 
0.82 0.035083 0.66 0.018361 
0.81 0.044978 0.65 0.021011 
0.80 0.053072 0.64 0.034961 
0.78 0.066397 0.63 0 . 044781 
0 . 76 0.077505 0 . 62 0 . 052827 
0 . 75 0 . 082515 0 . 60 0 . 066095 
0.72 0 . 096043 0 . 58 0 . 077179 
0.58 0 . 1440 10 0.54 0.095732 
0.38 0 . 195343 0.34 0 . 161374 
E(min) = 0.018682 E(min) = 0.018361 
when K = 0 . 84 when K = 0.66 
E(K _1 o%) = 0 . 079509 E(K 10%) = 0 . 073604 + 
S = 32 . 6 5 = 30 .1 
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Table 28 p- bromoani li ne 
(For values of wavelength, concentrations and absorbances, see 
Table 18) 
Temp = 25°C Temp = 3SoC 
K E K E 
1 . 20 0 . 145661 1. 00 0 .1 46341 
1. 00 0 . 094785 0 .90 0 . 123728 
0 . 96 0.080563 0.72 0.068554 
0.95 0 . 076577 0.71 0 . 063890 
0.94 0 . 072364 0 . 70 0 . 058842 
0 . 90 0 . 052099 0 . 68 0 . 047093 
0.89 0 . 045612 0 . 67 0 . 039907 
0.88 0 . 038018 0 . 66 0 . 031071 
0.87 0 . 028440 0.65 0.018338 
0.86 0 .01 3074 0.64 0.017175 
0.85 0 . 021643 0.63 0.030469 
0 . 84 0 . 033305 0.62 0 .039547 
0 . 83 0 . 041851 0 . 60 0 . 0533 10 
0 . 82 0.048942 0 . 54 0 . 082067 
0 . 63 0 .1 22343 0 . 44 0 .11 6012 
0 . 43 0 .1 70834 0 .24 0.167983 
E(min) = 0 . 0 13074 £(min) = 0 . 017175 
when K = 0 . 86 when K = 0 . 64 
E(K 10%) = 0.074892 E( K + 10%) 0 . 06086 1 + = 
5 = 47 . 3 5 = 25.4 
78 
Table 29 p- acetylaniline 
CFor values of wavelength, concentrations and absorbances, see 
Table 19) 
Temp = 25°C Temp = 35°C 
K E K E 
1.80 0 . 229867 1 .40 0 .1 95327 
1.40 0 . 153060 1 . 20 0 . 154253 
1.20 0.091782 0.98 0.087634 
1.19 0.087560 0 . 97 0.083289 
1.18 0.083119 0.96 0 . 07 8698 
1.15 0.068049 0.94 0.068577 
1.1 2 0 . 048427 0 . 92 0 . 056640 
1 .11 0.039771 0.90 0.041337 
1.10 0 . 028591 0.89 0.030940 
1.09 0 . 007232 0.88 0.014307 
1. 08 0 . 0267 1 6 0.87 0 . 023434 
1. 07 0 . 038480 0.86 0.036114 
1. 05 0 . 054930 0 . 84 0 . 053087 
1. 00 0 . 082920 0 . 80 0 .0 76566 
0 . 86 0 .1 33512 0 .66 0.129282 
0 . 46 0 . 225725 0 . 46 0 .1 81502 
ECmin) = 0 . 007232 ECmin ) = 0 . 014307 
when K = 1 . 09 when K = 0 . 88 
EC K + 10%) = 0 . 091359 ECK + 10%) = 0.082371 
S = 11 6.3 S = 47.6 
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Table 30 p-cyanoaniline 
(For values of wavelength, concentrations and absorbances, see 
Tabl e 20) 
Temp - 25 0 C Temp - 35 0 C 
K E K E 
1.80 0 . 138026 1 . 60 0.13 2382 
1.40 0 . 080 168 1 . 40 0 .108545 
1 .32 0 . 061930 1.10 0.053905 
1.28 0.050287 1.06 0.041115 
1 .24 0.034851 1 .04 0.032854 
1.23 0 . 029745 1.03 0.027802 
1 . 22 0 . 023546 1. 02 0 .0 21584 
1 . 21 0.014951 1.01 0.012577 
1.20 0 . 010387 1.00 0.012254 
1.19 0.020973 0.99 0.021427 
1.18 0 .0 27792 0 .98 0.027727 
1 . 17 0 .033249 0.97 0.032850 
1.1 6 0 . 037936 0.96 0.037284 
1.10 0 . 058771 0 .90 0.057197 
0.85 0 .1101 61 0 . 60 0.114878 
0.45 0.166227 0 . 40 0 . 143424 
E(min) = 0 . 010387 E(min) = 0.012254 
when K = 1 . 20 when K = 1.00 
E Cl( + 10%) = 0 . 061930 ECK 10%) = 0 . 053905 + 
S = 49 . 6 S = 34 . 0 
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Table 31 ph enol 
(For values of wavelength , concentrations and absorbances , see 
Table 21) 
K E K E 
20 . 0 0 .177934 16 . 0 0 . 165719 
18 . 0 0 .1 455 17 14.0 0 .1 31367 
16 . 0 0 . 102049 12.0 0 . 081234 
15 . 6 0 . 090672 11 .9 0 . 077787 
15.5 0 . 087584 11.8 0 . 074170 
15 . 0 0 . 070021 11 . 6 0 .066308 
14 . 4 0.039318 11.2 0 . 046545 
14 . 3 0 . 031344 11 .1 0 . 040052 
14.2 0.020439 11.0 0.032249 
14.1 0.012 172 10.9 0.021768 
14 . 0 0 . 026745 10 . 8 0 . 009714 
13.9 0.035829 10. 7 0.025780 
13 . 8 0 . 043051 
13 . 0 0 . 080373 10 . 6 0.0 35 171 
1 2 . 1 0 . 108432 10 . 5 0.042563 
10 . 1 0 .1 55206 10.0 0 . 068692 
9 . 0 0 .1 03569 
= 0.0 12172 = 0.0097 14 
when K = 14.1 when K = 1 0 . 8 
= 0 .087892 = 0.077064 
5 = 62 .2 5 = 69.3 
- -------------------------------------------
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Table 32 carbazole 
(For values of wavelength, concentrations and absorbances, see 
Table 22) 
Temp = 25
0 C Temp = 35°C 
K E K E 
3 . 90 0 . 05 1563 3 . 10 0 . 065923 
3 . 80 0 . 040112 3 . 00 0 . 057440 
3 . 75 0 . 032906 2.90 0 . 047411 
3 . 70 0 . 023576 2.80 0.034505 
3 . 68 0 . 018568 2 . 75 0.025685 
3 . 67 0 . 015466 2 . 72 0 . 0 1845 1 
3 . 66 0 . 01 1 558 2 . 71 0.0 1 5294 
3 . 65 0 . 005286 2 . 70 0 . 011281 
3 . 64 0.008177 2.69 0.004537 
3 . 63 0 . 013545 2.68 0 . 009283 
3 . 62 0 . 0 17007 2.67 0 . 0 13892 
3 . 60 0 . 022380 2 . 66 0 . 017317 
3 . 55 0 . 03210 4 2 . 65 0 . 020 1 70 
3.50 0 . 039514 2 . 60 0 . 030703 
3 . 40 0 . 05 1 244 2 .50 0 . 044944 
3 . 30 0 . 060786 2 . 40 0.055723 
E(min) = 0 . 005286 E(min) = 0 . 004537 
when K = 3 . 65 when K = 2 . 69 
E( K 10%) = 0 . 07250 2 EC K 10%) = 0 . 053561 + + 
S = 127.2 S = 108.1 
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Table 33 indole 
(For values of wavelength, co nc e ntrat i ons and absorbances, see 
Table 23) 
Temp = 25°C Temp - 35°C 
K E K E 
2 . 60 0 . 098289 2 . 40 0. 100785 
2.50 0 . 084815 2 . 30 0 . 0887 1 5 
2.40 0.068647 2.20 0.074638 
2 . 30 0.047072 2 . 10 0.057079 
2 . 26 0 . 034821 2.05 0 . 045784 
2.24 0 . 026642 2 .00 0 . 030501 
2 . 23 0 . 02 1405 1. 98 0.021513 
2.22 0 . 014365 1. 97 0 . 015127 
2.21 0 . 006755 1.96 0.002313 
2 . 20 0 . 017257 1 . 95 0.015482 
2 .1 9 0 . 023456 1 . 94 0 . 02 1777 
2.18 0 . 028333 1. 93 0 . 026626 
2 .1 6 0 . 036 173 1 . 92 0 .0 30721 
2 .1 4 0 . 042603 1.90 0 . 037605 
2 .1 2 0.048191 1.85 0.050924 
2 . 10 0 . 053203 1. 80 0.061460 
E(min) = 0 .006755 E(mi n) = 0 . 002313 
when K = 2.21 when K = 1 . 96 
E(K 10%) = 0 .074046 E(K 10%) = 0 . 067485 + + 
5 = 99.6 5 = 28 1. 8 
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C - DIPOLE mOmENTS 
1 . Introduct i on 
Dielec tric polarisation is a phenomena in which the electrons 
a nd atomic nuclei of a molecule undergo displacement from their 
eqUilibrium positions when the molecule is subjected either to an 
electric field between the plates of a condenser or to a field 
of electromagnet ic r adiation . The f ield induces an electric 
dipole moment in the mo lecul e to an ex t e nt depending upon the 
latter's polarisability . 
Clausius76 and mosotti 77 related the dielectric constant 
of a substance to its polarisability ~ and the relationship is 
as follows: 
p 
= 
...l.=l mv = iTfN'l( • • •• ( 42) 
E +2 3 
where P = total molar polarisation 
E = dielectric constant 
m = molecular we i ght 
v = specific volum e 
0= molecular po l arisabil i ty 
N = Avogadro number 
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maxwell demonstrated that the dielectric constant of a 
substance i s re lated to the refractive index n by: 
• • •• (43 ) 
where n = refracti ve index 
f = magnetic permeability of the medium. 
79 80. Lor e nz and Lorentz der~ved an expression for the molar 
refraction L-Bl of a substance which is analogous to the Clausius -
Mosotti equation (42) : 
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= ( n~-11mv 
n + 2 
• ••• (44) 
L-R-1 is an additive constant for a part i cu l ar substance, independent 
of temperature, and may be calculated from bond refractions. 
From measurements made at low frequency on non-ferro magnetic 
materials, maxwell found that for the same frequ ency: 
2 E = n • • • • (45 ) 
This suggests that the molar polarisation given by equation (42) 
is an additive property which is independent of temperature. This 
expectation is not fulfilled in the case of polar molecules. 
81 Debye showed that the partial orientation of permanent 
dipoles in a polar compound contributed to the total molar 
polarisation P to an extent that was temperature dependent and 
derived the following equation (46) relating P to the dipole moment 
of the compound: 
p 
= E - 1 
E. + 2 
mv 
where k = Boltzmann constant 
+1~T] • ••• (46) 
T = absolute temperature 
The total polarisation P is composed of three terms namely, the 
electron polarisation [p, the atomic polarisation AP, and the 
orientation polarisation Op . The electron polarisation [p arises 
from the displacement of electrons relative to the atomic nuclei. The 
-15 82 displacement is rapid (10 sec .) and is capable of following the 
oscillations of an electromagnetic field up to the far ultra-violet 
region. The atomic polarisation AP, which represents the nuclear 
displacement arising from the shift of electrons , is a slower process 
(10 - 12sec . )82 and can only follow the oscillation of an e lectric field 
as far as the infrared frequencies . 
The orientation polarisation contribution oP arises from those 
molecules which have a permanent dipole moment and which tend to 
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orientate themselves under the influence of the applied field. 
This is a relatively slow process , being of the order 10-10 sec s. , 
and for this reason field frequencies of 10 6 cycles/sec are used 
in the experimental de termination of static dielectric constant . 
The sum of the electron (E P) and atom polarisations (A P) is 
referred to as the distortion polarisation (OP) so that: 
• ••• (47 ) 
From equations (46) and (47) it follows that 
oP = EP + AP = ~ TIN(( • ••• ( 48 ) 3 
and oP = 4 "TT N )l2 • ••• (49 ) 
9 kT 
so ;-:;; that )1 = ~ • ••• (50 ) 4 Tf N 
giving;(l.= 0 . 012812;;;;- • ••• (51) 
The fundamental assumption made in the derivation of the 
Oebye equation (46) is that the polar molecules are so far apart 
that they do not exert any influence on the orientation of each 
other in an electric field. This is strictly valid only for 
gases at very low pressure . Equation ( 46) can howev er , be applied 
to dilute solutions of polar compounds in non- polar so lv ents , 
if it is assumed that, as the concentration of the polar solute 
decreases any dipole-dipole interaction also decreases and becomes 
zero at infinite dilution . 
The specific polarisation P2 of a polar medium , is given by 
dividing the Oebye equation (46) by the molecular weight m of 
the solute so t hat: 
( '(2 + ,.«; ) • ••• (52) 
3kT 
82 
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1 
where v2 = number of molecules per gm . of solute . 
The specific polarisation of the non - polar solvent is similarly 
given by: 
~1 - 1 
C1 + 2 
1 where v1 = number of molecules per gm. of solvent. 
• ••• (53 ) 
The total specific polarisation of a solution of the polar solute 
93 
in the non - polar solvent according to Sugden ' s mixture law is 
given by: 
P12 = 1:12 - 1 v'2 = w,P1 + w2P2 
~12 + 2 
where w1 = weight fraction of solvent 
Since the sum of the weight fractions 
binary solution, 
'"1 can be eliminated 
• ••• (54 ) 
in solution. 
'"1 and w2 is unity for a 
from (54 ) to give: 
• ••• (55) 
In order to calculate the molar polarisation and dipole 
moment of the polar solute by means of these equations, it is 
necessary to measure the dielectric constant , density and 
refractive index of a series of solutions of graded concentration. 
If P1 is assumed to have the same value as that of the pure 
solvent, values of P2 can be calculated from equation (55) at each 
concentration From experimental valuee of P12 and P1 • The values 
of P2 obtained in this manner may be plotted against '"2 and the 
resulting curve extrapolated to zero conc8ntration (infinite dilution) . 
The intercept obtained P2~ may be taken as the specific polarisat i on 
of the polar solute under conditions such that the Oebye equation 
( 46) applies . 
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Unfortunately , extrapolation of the plot of P2 against w2 is 
84 85 86 87 88 89 difficul t and several a u thors' , , , , ha v e develo ped 
methods wh i ch a voi d th e need t o ca lcul a t e polari s ati on va l ues at 
each concentration . 86 Halverstadt and Kumler found experimentally 
that for a wide range of compounds'£12 varied linearly with w2 in 
solutions of weight fraction less than 0.01. Furthermore, they 
assumed that the specific volume v12 varies l i nearly with w2 • 
Thus : 
• • •• (56) 
• •• • (57 ) 
From equations (54), (56) and (57), Halverstadt and Kumler derived 
the following equation (58) for the molar polar i sation of solute 
at infinite dilution , P2co' :-
P2<p = 3ffi 2 C( v1 + ffi 2 (v 1 +(3) E1 - 1 • ••• (58 ) 
( t 1 + 2)2 ~ 1 + 2 
where tI = ( d £'2) and f' = ( d v12 ) ( ) ( ) ( d w2 )w2=0 ( cl w2 )w 2=0 
are the limiti ng slopes for the plots of t 12 aga i nst w2 a nd v12 
against w2 respectively . 
The specific refraction of a solution, r 12 , is given by an 
expression analogous to equation (54) for specific polarisation , 
that is: 
• • •• (59 ) 
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where r 1 = specific refraction of solvent 
r 2 = specific refraction of solute 
n12 = refractive inde x of solution 
'ot 12 = specific volume of solution 
w = weight fraction 
8y combining equation (59) with the following equations 
= •••• (60) 
and = .... (57) 
an expression for the molar refraction of solut~ R200 ' which 
is analogous to equation (58) is obtained: -
R2dl 3M 2 )J v1 + 11l 2 (v1 +(3 ) 2 - 1 .... (61) = n1 
2 2 2 (n 1 + 2) n1 + 2 
where ))= ( d n1; ) ( ) ( 0 w2 )w 2 = 0 
Since n12 is measured in the visible region of the spectrum 
at the frequency of the sodium D-line, the molar refraction 
calculated by equatio n (61) represents tha t part of the total 
distortion polarisation due to the displacement of electrons 
in the molecule and corresponds to the molar elec tron polarisation 
EP2 of the polar solute. 
= 
.... (62) 
and = .... (63) 
then before the molar orientation polarisation OP2 can be 
calculated and henc e the dipole moment evaluated by equatio n 
(51), an estimate of atom polarisation AP2 is required. If 
the refractive index of a solution cDuld be obtained using 
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radiation in the infrared region, it would be possible to 
interpolate the refractive index for radiation of infinite 
wavelength and so evaluate the corresponding molar refraction 
R2~' Such measurements are extremely difficult, however, and 
most workers, therefore, resort to estimsting atom polarisation. 
The molar atom polarisation of the solvent is given by: 
= 
- , 
• • • • (64 ) 
+ 2 
If it is assumed like Guggenheim 88 , that the atom polarisations 
of different compounds are proportional to their molar volumes, 
then 
AP2 ( E, - , 2 - , ) v2ffi 2 = n, E, + 2 2 + 2 n, 
• ••• (65 ) 
or AP2 = ( E, - , n~ - , ),v, +(3)ffi2 E, + 2 n, + 2 • ••• (66 ) 
Combining equations (58), (61), (63) and (66) gives after 
simpl ification, 
= • ••• (67 ) 
Equation (67), derived by Smith 9D , possesses the advantage that 
the dipole moment of a solute can be calculated without measuring 
the densities of its solutions. 
2. Experimental Procedure 
In orde r to calculate the dipole moment of a molecule it 
is necessary to measure dielectric constant, specific volume 
and refractiv e ind ex of a series of solutions of graded concen-
tration. 
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(a) Preparation of solutions 
Graded amounts of the polar compound were accurately 
weighed and transferred to 50 ml vo l umetric flasks which had 
been previously weighed. The flasks were made up to the mark 
with solvent and rew e ighed. The weight fraction of the compound 
w2 was calculated from: 
= weight of compound 
weight of sol ution 
(b) Measurement of Dielectric Constant 
••• • (68) 
The dielectric constant of each solution was determined 
using a dipolemeter, type DM01 manufactured by the Wissen-
schaftlich-Technische Werkstatten, G.m.b.H. This is an internally 
thermostated heterodyne beat apparatus in which the arithmetical 
difference in the frequency of two oscillators is detected as a 
trace on a cathode ray tube . 
The oscillations produced by two high frequency generators 
are combined and after amplification the resulting beats are 
displayed on a cathode ray tube, enabling observation of the 
zero beat condition . On tuning and approaching the resonance 
condition Lissajou's figures are observed from the combination 
of the beat frequency with the mains frequency of 50 c/s. At 
the Zero beat condition , the trace is a horizontal line . 
The cell containing the experimental solution together 
with the measuring condenser, connected in parallel, are part 
of one oscillating circuit . By tuning the measuring condenser 
the two capacities ca n be ad j usted so t hat the resulting frequency 
is equal to that of the standard oscillator. A precision dial, 
having 4500 equal divisions over a total scale length of 10 
metres, enables the position of the mea suring condenser to be 
read with the required accuracy. A correction graph for the 
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measuring condenser is supplied with the instrument. 
A measuring frequency of 2 mc/s is used for liquids and 
the indicating and measuring sensit i vities a r e 1 x 10 - 6 and 
-5 4 x 10 respectively. The thermostatically controlled 
measuring cell, type DFL1, has a capacity of 20ml with interior 
plates which are gold coated and is suitable for measuring the 
dielectric constants of liquids in the rang e 1.0 to 3 . 4 units. 
The instrument was calibrated by determining the scale 
reading of the measuring condenser for three pure solvents of 
known dielectric constant. A linear relationship between scale 
reading and dielectric constant was obse rv ed . The slope of this 
line was determined and used for the subsequent evaluation of 
dielectric constant. 
Calibration liquid Scale reading(s) 
Benzene 1182.65 
Carbon tetrachloride 1070 . 0 
E 25 0 
(meani:it. val -
ue s) 
2.2725 
2 . 2274 
Cyclohexane 528 . 65 2.0139 
Hence for benzene and cyclohexane II ~/IlS = 3.954 x 10-4 and for 
- 4 
carbon tetrachloride and cyc l ohexane 4~/l\S = 3 . 944 x 10 • 
Thus the mean value ofll£/lIS = 3 . 949 x 10- 4 and 
~ = 2 . 2725 - 3 . 949 x 10 - 4 (1182.65 - S) ••• •• (69) 
where € = dielectric constant of experimental solution 
S = corrected scale reading for the experimental solution . 
The instrument was switched on at l east two hours before 
use to allow the measuring condenser to attain its working 
temperature of 40 0 C, and t his is ma i ntained by an internal 
thermostat. The measuring cell was con nected via a pump to 
a water bath maintained at 25.00 ! 0.02 0 C. 
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The cell was rinsed with dry ether, the vapour of which was 
removed by a current of dry nitrogen gas. The test solution was 
then introduced i nto the cell , care being taken to avoid trapping 
any air bubbles in the cell. AFter allowing suFficient time 
For the solution to reach thermal equilibrium at 25°C, the scale 
reading of the measuring condenser was recorded. The reading 
was corrected using the correction graph and the dielectric 
constant of the solution calculated from equation (69) . 
(c) measurement of Specific Volume 
The specific volume of the solvent and each test solution 
was determined at 2SoC using a Warden bottle fitted with a 
ground glass cap to prevent losses by evaporation. The density 
bottle was weighed, then filled with the test solution and 
suspended in a water bath at 25 0 C for 20 minutes . Excess liquid 
was then removed from th e top of the capillary stopper using 
absorbent paper and aFter drying, the bottle was reweighed. The 
volume of the bottle was obtained by calibration with water at 
25 0 C and the specific volume of the test solution v12 was 
calculated From 
v12 = Volume of density bottle Weight of solution at 25 0 C 
(d) measurement of ReFractive Index 
-1 
c . e . 9 ••• • (70) 
The reFractive index of the solvent and each solution was 
determined at 25 0 C using a high accuracy Abbe reFractometer . 
The light source used was a sodium vapour lamp and the prisms 
of the refractometer were maintained at 2SoC by circulating water 
with an electr i c pump From a bath thermostatically contro l led 
at 25 . 00 : 0 . 02oC. Five readings were made for each solution 
and the mean angle was converted to a reading of refractive index 
From the calibration data supplied with the instrument . 
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(e) Calculation of Dipole moment 
Dipole moments;Uwere calculated by the meth od of Halverstadt 
and Kumler 86 using an I . 8 . m. 1130 computer . The Fortr an 
program (ELCma), which is detailed in the appendi~ also includes 
the calcula tion procedure suggested by Smith ga but the results 
obtained by this latter method are not included in this thesis • 
• 9 
Th e method of calculation used was ~ follows . Th e dielectric 
constant C1 ' spec i fic volume v1 and refractive index squared n~ 
of the solvent were calc ulated by the method of least squares 
as the intercepts of the linear plots of f against w2 , v against 
w2 , and n
2 
against w2 respective l y . In addition, the correspond -
ing limiting slope for each plot was calculated as OC , j5 and J> 
respectively . 
Th e total polarisation P2m and elect r o n pola r i sation EP2 
of the solute were e valuated from equations (58) and ( 61) 
respect ively . No al l owance was made for a t om polarisation 
(A P2 = 0) and the orientation polarisation a P2 was calculated 
using equat ion (63) . Finally, t he dipole moment;U was calcu lated 
in Debye units fr o m equation (51) at 25 0 C. 
2 . Experim e ntal Results 
Th e dip ole mome nts of p- anisidine, p- t olu idine , aniline, 
p-chloroaniline, p-bromoaniline, p-cyanoaniline, and p-
nitroaniline were determined i n dioxan , but for solubility 
r easons , th e di pole moments of p-cyanoaniline and p-nitroaniline 
were no t determined in cyclohexane. 
The experimental re sults are recorded in tables 34 to 45 . 
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Table 34 
p- anisidine in cyclohe xane at 25 0 C 
100w 2 t12 
2 
v 12 n 1 2 n12 
0 . 0000 2 . 0208 1.29227 1 . 42380 2.02720 
0 .1 294 2 . 0240 1 . 29186 1.42392 2.02755 
0 . 254 1 2 . 027 1 1 . 29 149 1. 42405 2 . 02792 
0 . 3606 2 .0 298 1. 29 11 2 1 . 42416 2 . 02823 
0 . 5161 2.0334 1.29066 1.42431 2 . 02866 
0 . 6525 2 . 0370 1.29024 1.42444 2 . 02903 
0 . 7781 2 . 0402 1.28983 1.42457 2.02940 
m molecular weight of compound = 1 23 • 1 6 
tI. slope of £12 against w2 graph = 2 . 4856 
~ - slope of v12 against w2 graph = - 0 . 3115 
)J slope of 2 aga i nst graph 0 . 2821 
-
n 12 w2 = 
P2 = 104 . 07 cc 
EP2 = 
39 .11 cc 
OP2 = 64 . 96 cc 
= 1 . 780 
- - - - - - --- - -----------
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Table 35 
p - toluidi n e in cyc l ohexane at 25 0 C 
1 OOw 2 £12 
2 
v 12 n 12 n 12 
0.0000 2 . 0202 1. 29227 1.42375 2.02706 
0 . 2608 2 . 0242 1.29188 1 . 42398 2 . 02772 
0.5202 2.0286 1 . 29138 1. 42420 2 . 02835 
0 . 7743 2.0327 1 . 29083 1. 42441 2 . 02894 
1.0287 2 . 0368 1.29030 1. 42463 2.02957 
1.2864 2.0409 1. 28968 1.42486 2.03023 
1 . 5494 2.0452 1.28915 1. 42507 2 . 03082 
m - molecular weight of compound = 107.17 
If. - slope of £12 against w2 graph = 1.6170 
(5 - slope of v 12 against w2 graph =-0.2055 
)) - slope of 2 against grap h 0 . 2430 n1 2 w2 = 
= 71.1 3 cc 
= 35 . 93 cc 
= 35 . 20 cc 
= 1 . 310 
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Table 36 
aniline in cyclohexane at 25 0 C 
100w 2 £12 
2 
v12 n 1 2 n12 
0.0000 2 . 0204 1.29227 1.42385 2 . 02735 
0.2500 2.0263 1. 29162 1. 42403 2 . 02786 
0.4944 2 . 0322 1.29102 1. 42437 2 . 02883 
0 . 8929 2 . 04 13 1. 28995 1. 42478 2 . 03000 
1.1505 2.0472 1. 28927 1. 42507 2 . 03082 
1.5029 2.0562 1.28840 1.42545 2 . 0319 1 
1.7603 2 . 0621 1. 28779 1.42571 2 . 03265 
m molecular weight of compound 
" 
93 .1 3 
IX slope of t\2 against w2 graph " 2.3663 
(3 - slope of v12 ageinst w2 graph " - 0 . 2560 
slope of 2 against g r aph 0 . 3079 ).l - n1 2 w2 " 
P2 " 77 . 35 cc 
EP2 = 3 1 . 47 cc 
OP2 = 45 . 88 cc 
" 
1.500 
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Table 37 
p-chloroaniline in cyclohexane at 25 0 C 
1oow 2 E 12 
2 
v12 n12 n12 
0 . 0000 2.0200 1.29226 1.42382 2 . 02726 
0.2571 2 . 0355 1.29112 1.42406 2.02795 
0 . 3862 2 . 0431 1 . 29054 1. 42419 2 . 02832 
0 .51 35 2 . 0508 1. 28998 1 . 42432 2 . 02869 
0 . 7735 2 . 0665 1.28880 1. 42457 2 . 02940 
0 . 9040 2 . 0745 1.28824 1.42470 2 . 02977 
1.0355 2 . 0824 1.28765 1.42481 2.03008 
M molecular weight of compound = 127.58 
t( 
-
slope of t12 against w2 graph = 6 . 0323 
f - slope of v12 against w2 graph = - 0.4455 2 ).l 
-
slope of n12 against w2 graph = 
0 . 2754 
P2 = 212.03 cc 
EP2 = 
35 . 95 cc 
oP2 = 176 . 08 cc 
= 2 . 940 
98 
Table 38 
p - bromoaniline in cyclohexane at 25 0 C 
£12 
2 
100w 2 
v12 n12 
n12 
0 . 0000 2 . 0207 1.29225 1.42385 2.02735 
0 .1 408 2 . 0272 1 . 29137 1.42398 2 . 02772 
0 . 2506 2 . 0322 1 . 29065 1.42407 2 . 0279 8 
0 .3 867 2 . 0385 1.28979 1.42419 2 . 02832 
0.5156 2 . 0442 1.28894 1. 42430 2 . 02863 
0.6492 2.0505 1 .28809 1.42441 2.02894 
0 . 7742 2 . 0565 1 . 28729 1.42454 2 . 02931 
m molecular weight of compound = 172.03 
11-.. - slope of [12 against w2 graph = 4 .6070 
P - slope of v12 against w2 graph = - 0 . 6421 
» - slope of 
2 
n 12 against w2 graph = 0 . 2497 
P2 = 218 . 46 cc 
EP2 = 38.80 cc 
OP2 = 179 . 66 cc 
= 2 .970 
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Table 39 
p- anisidine in dio xa n at 25 0 C 
100w 2 £12 v12 n12 n1~ 
0 . 0000 2.2 125 0.97276 1.41999 2 . 0 1637 
0 .1 949 2 . 2206 0 . 97263 1. 4203 1 2 . 0 17 28 
0.3886 2 . 2289 0 . 97247 1 . 42062 2 . 018 1 6 
0 . 585 8 2 . 2372 0 . 97235 1. 42090 2 . 0 1896 
0 . 7753 2.2455 0 . 97217 1. 4211 4 2 . 0 1964 
0 . 9713 2 . 2535 0 . 97205 1.42144 2 . 02049 
1.1713 2.2617 0 . 97190 1 . 42 181 2 . 02154 
m molecu l ar weight of compound = 123 .1 6 
IX s l ope of £12 against w2 graph = 4 . 2 163 
P - slope of v1 2 agai n st w2 graph = - 0 . 0744 
)) s l o pe of 2 aga inst g r aph 0.4294 
-
n12 w2 = 
P2 = 117.23 cc 
[P2 = 37 . 56 cc 
OP 2 = 79 .67 cc 
= 1. 970 
100 
Table 40 
p-t oluidi ne in dioxan a t 25 0 C 
100w 2 ~12 2 v1 2 n12 n12 
0.0000 2 . 2 11 8 0 . 97275 1. 42000 2 . 0 1640 
0 . 2350 2 . 2190 0 . 97282 1 . 42039 2 . 01751 
0 . 4009 2.2236 0 . 97287 1. 42070 2 . 01839 
0 . 5895 2.2287 0 . 97293 1. 42099 2.0 1921 
0.7843 2.2344 0 . 97299 1.42130 2 . 02009 
0 . 9899 2.2404 0 . 97306 1 . 42165 2.02109 
1.1577 2.2452 0 . 973 11 1.42196 2 . 02197 
m molecular weight of compound = 107 .17 
I)( slope of f12 against w2 graph = 2 . 870 1 
~ - slope of v 12 against w2 graph = 0 . 0312 
)) s l ope of 2 against graph 0 . 4765 - n12 w2 = 
= 81.5 5 cc 
= 36.46 cc 
= 45 . 09 cc 
= 1. 490 
1D1 
Table 41 
an il ine in di oxan at 25°C 
10 Dw 2 ~12 2 v12 n '2 n '2 
0.0000 2.2117 0 . 97275 1 . 42001 2 . 01643 
0 . 2147 2.22 14 0.97272 1. 4204 1 2 . 01756 
0 . 3969 2 . 2295 0 . 97270 1 . 42077 2 . 01859 
0 . 5721 2 . 237 1 D. 97268 1 . 42102 2 . 0 1930 
0 . 8186 2 . 2482 0 . 97265 1.42152 2 . 02072 
0.9896 2 . 2559 0 . 97263 1.42184 2.02163 
1.1684 2.2637 0 . 97261 1. 422 1 8 2 . 02260 
m molecular weight of compound = 93.13 
b< - slope of ~'2 against w2 graph = 4.4491 
(3 - slope of v , 2 against w2 graph =-0 . 0 116 
2 )J - slope of n
' 2 
against w2 graph = 0.5253 
P2 = 93 . 91 cc 
EP2 = 31 . 50 cc 
OP2 = 62 . 41 cc 
= 1 . 75D 
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Table 42 
p - chloroa niline in dioxan at 25 0 C 
100W 2 £1 2 
2 
v1 2 n 1 2 n 12 
0 . 0000 2 . 2 11 5 0 . 97275 1 . 42005 2 . 0 1654 
0 . 194 1 2 . 2328 0 . 97240 1. 42042 2 . 0 1 759 
0 . 3951 2.2549 0 . 972 1 2 1 . 42 0 79 2 . 01864 
0 . 5862 2 . 2754 0.97177 1 . 42 11 5 2 . 01967 
0 . 7848 2 . 2965 0 . 97144 1 . 42 1 49 2 . 02063 
0 . 9737 2 . 3177 0 . 97108 1 .42186 2 . 02 1 69 
1 . 1827 2 . 34 11 0 . 97078 1. 42224 2 . 02277 
III mol ecular weight of compound ~ 127.5 8 
\,( 
-
slope of t12 against w2 graph 
~ 10.9211 
f - slope of v 12 against w2 9 raph ~ - 0 .1 683 2 
» - slope of n 1 2 against w2 graph 
~ 0 . 5247 
P2 ~ 258 . 76 cc 
(P2 ~ 38 . 08 cc 
OP2 ~ 220.68 cc 
j{ ~ 3.290 
/ 
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Table 43 
p- bromoani l ine in d i oxan at 25°C 
100w 2 E12 
2 
v12 n12 n12 
0 . 0000 2 . 2123 0 . 97275 1 . 41990 2 .01612 
0 . 1980 2 . 2297 0 . 97204 1 . 42018 2 . 01691 
0 . 3984 2 . 2470 0 . 97134 1 .42047 2 .0 1774 
0 . 5865 2 . 2628 0.97067 1.42069 2.01836 
0 . 7874 2 . 2801 0 . 96996 1 . 42102 2 .01930 
0.9785 2 . 2966 0.96926 1.42130 2.02009 
1.1624 2.3124 0.96860 1.42155 2.02080 
m molecular weight of compound = 172 . 03 
If,. slope of E12 a9 ain st w2 graph = 8 . 5990 
(3 - slope of v1 2 against w2 9ra ph = - 0 . 3564 
.v slope of 2 against graph 0 . 4044 - n12 w2 = 
= 273 . 79 cc 
= 39 . 41 cc 
= 234 . 38 cc 
= 3 . 390 
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Table 44 
p- cyanoaniline in dioxan at 25 0 C 
1oow 2 £12 
2 
v 12 n 12 n1 2 
0.0000 2 . 2120 0.97275 1 . 420 15 2 . 01683 
0 .1 957 2 . 2982 0 . 97252 1 . 42059 2 . 01808 
0 . 3885 2 . 3845 0 . 97235 1. 421 00 2 . 019 24 
0 . 5828 2 . 4700 0 . 97210 1.42140 2 .02038 
0 . 7812 2.5597 0.97193 1.42180 2 . 02 152 
0 . 9733 2.643 1 0 . 97 169 1.42228 2 . 02288 
1.1765 2 . 7336 0 . 97146 1.42278 2 .0 2430 
m molecular weight of compound = 118 . 14 
~ - slope of E 12 against w2 graph = 44 . 3649 
f - s lope of v 12 against w2 gr aph = - 0 .1 088 
)) slope of 2 against graph 0 . 6265 - n1 2 w2 = 
P2 = 8 91 . 57 cc 
E P2 = 39 . 22 cc 
OP2 = 852 . 35 cc 
6 . 460 
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Table 45 
p-nitroa nili ne in dioxan at 25 0 C 
100w 2 £12 v12 
2 
n12 n12 
0 . 0000 2 . 2115 0 . 97275 1.41998 2 . 01634 
0 .1 933 2 . 2930 0 . 97230 1. 42021 2 . 01700 
0.3878 2 . 3761 0.9714 1 1 . 42074 2 . 01850 
0 . 5803 2 . 4590 0.97 11 9 1. 42 120 2 .01 981 
0.7778 2 . 5444 0.97074 1.42170 2.02 123 
0 . 9638 2 . 6232 0.97028 1.42214 2.02248 
1 . 1729 2 . 7 137 0.96979 1 . 42265 2.02393 
m molecular Wei9ht of compound ~ 138.13 
()( slope of E12 against w2 graph ~ 42 . 8490 
f - s lope of v12 against w2 graph ~ - 0 . 2493 
slope of 2 against graph 0 .6692 » - n12 w2 ~ 
P2 ~ 1002.84 cc 
[P 2 ~ 42 . 00 cc 
OP 2 ~ 960 . 84 cc 
~ 6 . 860 
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o - SORPTION AT THE SOLUTION- SOLID INTERFACE 
1 . Characterisation of the adsorbent 
Before an assessment can be made of the adsorption proper -
ties of molecules at a solution - so lid interface, it is 
necessary to attempt a characterisation of the adsorbent sur -
face . This characterisation should provide information c oncerni ng: 
(a) the natu r e and extent of surface adsorpt i on sites , if the 
adso rp t ion is specific 
(b) the extent of specific surface area ava ilable t o the 
adsorptive molecules 
(c) the extent of porosity of the surface , including a pore 
s i ze di stribution analysis based on the pore shape 
character i st i cs of the adsorbent . 
(a) Nature of the adsorbent 
(i) X-ray analysis 
X- ray di ffraction examination of a variety of aluminas 
by several workers 91, 92, 93, 94 has shown the existence of 
at least six crystalline modifications of nearly anhydrous 
a luminas formed by the dehydration of pure alumina hydrates. 
o The alumina used in this investigation was heated to BOO C 
during manufacture and the suppl i ers (C amag) classify the 
material as " ~ - alumina ". The diffuse appearance of the X- ray 
powder diffraction pattern (fig. 16) obtained using copper K~ 
filtered radiation, indicates the presence of very fine parti c les 
and makes a positive classifica ti on of the a lumin a difficu l t . 
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Fig. 16: X-ra y powder diffraction pattern o f the sorption alumina 
The sample of alumina was submitted to a detailed x-ray 
diffraction examination at the laboratories of the S.P. Refinery, 
Fawley, Southampton, who report that the sample consists mainly 
of ~-alumina admixed with approximately 10% Soehmite (~-monohydrate). 
The se findings suggest that the alumina used in this investi-
gation was formed by th e dehydra ti on of Soehmite ( ~-monohydrate) 
A1 203 H20 giving ~-alumina A1 20 3 • Thi s transformati on ge nerally 
o 95 takes place at temperatures ab ove 450 C and appears to be a lmost 
complete under the cond iti ons of manufacture. 
96 De 80e £ et al report that all aluminas formed between the 
decompositi on temperature of the hydrates and 10000 C approximate 
closely in arrangement to a close packed cubic oxygen sub-lattice 
similar to that o f the spine ls. Accordingly, the structure 
can be taken a s a pseudo-spinel typ e with a cation deficienc y . 
That is, the 32 oxygen ions are arranged as in cubic close packing 
with the appropriate number of aluminium ions, namely 21!, in 
both tetrahedrally and octahedrally co-ordinated interstices, 
randomly distributed over the 24 sites normally occupied by the 
cations. On average, therefore, there are 2! vacant cation sites 
per unit cell gi ving the O-alumina structure97 with lat tice 
o 91 parameter 7 .95A 
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During dehydration the alumina crystals cleave to produce 
a surface formed by p l anes with simp l e i nd i ces o f the oxygen 
sub-lattice, that is, 11 1 or 100, 010, 001 . In the case of 
~ - al umina , there is reason to be li eve that th i s for m may prefer -
entially expose one crystal face 98 Strong pseudo - morphic relations 
are known to exist between 80ehmite and ~ - alumina and electron 
and x- ray diffraction evidence suggests that dehydration of gelati-
nous Boehmite yie l ds (( - alumina i n which a considerable part of 
the surface is formed by the 100 plane of a spine 1 lattice9g . 
(ii) Optical and electron microscopy 
An opt i cal examination of the alumina revealed the presence 
of a small proportion (~ 1 0%) of plate - like crystals admixed 
wit h a fine powde r ed materia l (fig . 17) . Using the hi gher magni fi ca-
tion of an electron microscope the presence of slit and wedge -
shaped pores is revealed (figs . 18 and 19) . 
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fig 17 
Optical mic'ogra~ 
of Alumina 
Magnification 320. 
Photograph by P.G. Baker 
f i9 18 
Electron micrograph 
of Alumi no 
Mognif ication 2100 X 
Photograph by P.G.8aker 
fig 19 
Electron micrograph 
of Alumina 
Magnification 5250 X 
Photograph by P.G.80ker 
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It is on the basis of slit - shaped pores that the pore size 
distribution analysis to be described later has been made . 
(iii) Gravimetr i c analysis 
The nature of the adsorption sites at the alumina surface 
was investigated by a series of dehydration experiments carried 
out over a wide range of temperature. The percentage loss on 
ignition was determined by heating samples (2 gm.) of the alumina 
at various temperatures for about 2- 3 hours and the results obtained 
are recorded in table 46 . 
Table 46 
Temperature (oC) Loss on ignition (% ) 
120 3.0 
300 4 . 2 
380 5.2 
500 5.3 
./\ 800 (mecker burner) 6.8 
According to Peri 98 the hydrated surface of ~-alumina retains 
o 
13 molecules of water per 100A 2 of surface after evacuation at 
o 100 0 25 C for 100 hours • Even after drying at 120 C the surface 
o 2 101 
may still retain 8.25 molecules per 100A Although much 
of this water is present as hydroxyl groups on the surface, infrared 
studies have shown that some of the water strongly adsorbed at 
o 102 25 C remains molecular • 
It can be seen from the data in table 46 that increasing 
the temperature of heat treatment produces a gradual decrease in 
water conte n t of the a l umina , cor r espondi n g to the de h yd r at i o n of 
~ - monohydrate , the loss o f surface hydroxyl gro u ps and the l oss 
of molecularly adsorbed water. 
1 11 
Boehmite (~-monohydrate), which contains 15% water of 
crystallization, is converted into o - alumina at tempera t ures above 
o I F the dec r ease in water content ( 1 . 5%) between 500 e 
and V\ BOOoe corresponds to the dehydration of ~ - monohydrate present 
in the sample , it is reasonable to assume that the % loss on 
ignition at 500 0 e represents the loss of molecular water and some 
of the hydroxyl groups present at room temperature . 
o Assuming that the loss on ignition at 500 C represents the 
tota l water content p resent as hydroxy l groups and molecularly 
adsorbed water, the water content at each dehydration temperature 
can be calculated as the diFFerence between the % loss at 5000 e 
and the % loss at each temperature (table 47) . The corresponding num -
o 
ber of water molecules per 100A 2 of surface are also calculated 
at each temperature (table 47) From a knowledge of the specific 
surface area of the alumina . The specific surFace area of the 
alumina has been determined by low temperature nitrogen adsorption 
2 - 1 
as 131.9 m g and the experimental details of this determination 
are given in a later section on p . 1::13 
Temperature 
(oC) 
room temperature 
120 
300 
3BO 
500 
Table 47 
% Water content 
(OH groups and/or 
molecular water) 
5.3 
2 . 3 
1 • 1 
0 .1 
o 
Number of water 
molecules per 
o 
100A 2 
13 . 4 
5 . B 
2 . 8 
0 . 3 
o 
Accordin g to Peri 98 a water molecule occupies an ar e a o f 
o 
16A 2 on the surFace of alumina , monolaye r coverage corresponding 
11 2 
o 
to 6 . 25 molecules of water per 100A 2 It can be seen from the 
data in table 47 that at 120 0 C the number of water molecules per 
o 
100A 2 app r ox imat es to mono la ye r coverage and it is concluded 
that at this temperature the surFace of the alumina is fully 
hydroxylated. 
(b) Specific surface area of the adsorbent 
Although nitrogen is widely used in the gas adsorpt i on 
method for the determination of specif ic surf ace area , the 
so rption of other molecules can be instructive . In the present 
investigation , having regard to the hydroxy lated nature of the 
alumina surface and to the fact that the study involves the 
sorption of anilines from solution, i t was considered of interest 
to determine adsorption isotherms for both water and ben zene 
vapour. In addition, the specific surface area available to lauric 
acid molecules was determined by adsorption from pentane solution , 
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a method recommended by De Boer • 
Before describing the individual adsorption experiments , the 
method of ca l cu l at ing the specific surface area of an adsorbent 
from gas sorption data is brieFly considered . 
(i ) Ca lculation of s pe ciFic su rFac e area 
Brunauer, Emmett and Teller 103 derived the Following eq uation 
(71) For multimolecular adsorpt i on on a non - porous surface . 
p 
v(p - p) 
o 
where v = 
v = m 
Po = 
c = 
= 
1 
v c 
m 
volume of 
su rF ace at 
volume of 
+ 
gas 
c - 1 
v c 
m 
adsorbed 
equ ilibrium 
gas ads orbed 
to monolayer coverage 
• ••• (7 1 ) 
(cc at NTP ) on the 
pressure p . 
(cc at NT P) cor respo nding 
of the surFace. 
saturation vapour pressure of the gas. 
a constant related t o the heat of adsorption . 
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Equation (71) can be used to calculate the monolayer capacity 
v by plotting p/v(p - p) against pip when values for the slope 
moo 
and intercept of the linear plot are given by c - 1/v c and 1/v c 
m m 
respectively. Assuming that packing of the adsorbed molecules 
is the same as in the liquid state, the surface area r equirement of 
the adsorbed molecule can be evaluated from equation (72) 
where 
A 
m = 
x 
•••• (72) 
A 
m 
O2 
= cross - sectional area of the molecul e (A )i ln 
th e adsorbed phase. 
m = molecular weight of adsorbate 
N = Avogadro number 
f = density (glee) of the liquified gas 
f = packing factor for the gas molecules on the 
surface of the adsorbent . 
For nitrogen, the packing of the molecules on the surface is 
assumed to be hexagonal with each molecule having 12 nearest 
neighbours. This gives a value of 1 . 091 For the packing factor. 
The specific surface area (5) of the adsorbent is then 
calculated fco~equation (73) 
5 = v N A x 10- 20 m m 
22400 
2 
m •••• (73) 
(ii) Adsorption of water vapour at room temperature 
Using a conventional type gas sorption apparatus shown in 
Figs . 20 and 21, volumes of water vapour (cc at NTP) sorbed by 
the alumina were measured For a series of different equilibrium 
pressures at room temperature o (24.8 C) . Th e apparatus was ca li-
brated from p-v relationships using known volumes of nitrogen gas . 
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fig 20 Gas sorption apparatus showing vacuum line, 
manometer, go s storage vessel, adsorption 
tube. ond .I.ctrlc oven. 
UI' 
HIGf 
11 5 
NDER 
H VACUUM 
fig 21 Mercury diffusion pump and Mcleod gouge 
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A sample of the alumina (1 gm) was pretreated by heating 
at 120°C for 48 hours and then outgassing for 1! hours under 
vacuum in the apparatus. Water vapour was then adsorbed up to 
a relative pressure of 0.45 and the results obtained are recorded 
in table 48. 
Equilibrium 
pressure 
p(cm) 
0 
0.03 
0.06 
0.14 
0.21 
0.34 
0.46 
0.59 
0.74 
0.86 
0.96 
1 .06 
Table 48 
Relative 
pressure 
p/po 
0 
0.013 
0.026 
0.060 
0.090 
0.145 
0.196 
0.251 
0.315 
0.366 
0.409 
0.452 
p ~ 2.35 cm at 24.8 o C 
o 
Volume sorbed 
at NTP 
v (cc) 
a 
1 • 91 
6.32 
9.14 
12.54 
16.15 
19.54 
22.80 
25.82 
28.56 
31.04 
33.36 
35.48 
The isotherm corresponding to the' adsorption data in table 48 
is shown in fig. 
From the plot of 
Intercept 
Slope 
v 
m 
22. 
p/v(p-p ) 
0 
against p/p 
0 
(fig. 23) , 
~ 1 ~ 4.544 x 10 -2 
v c 
m 
~ c - 1 ~ 1 .863 x 10-3 
v c 
m 
~ 21.14 cc 
- -- -------------------------------------------------------
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The surface area (S) of the alumina was calculated from equation 
2 -1 (73) as 90.9 m g , assuming that the surface area requirement 
o 
( ) 16A2 98 Am of a water molecule is 
Volume of 
water vapour 
adsorbed 
at NTP 
p 3 
x 10 
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o~ ____ ~~ ______ ~ ______ ~ ______ ~ ____ ___ 
o 0-1 0-2 0-3 0-4 
20 
15 
10 
5 
O~ ______ ~ ______ ~~ ______ ~~ ____ ~~ ____ __ 
<) 0-1 0-2 0-3 O-A 
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(iii) Adsorption of benzene vapour at room temperature 
The sorption experiment was repeated using benzene vapour 
at room temperature (230 C). The alumina was preheated at 1200 C 
for 48 hours and then outgassed for 1 hour in the apparatus prior 
to the adsorption experiment. measurements were made up to a 
relative pressure of 0.5 and the resulte obtained are recorded 
in table 49 
Table 49 
Equilibrium Pressure Relative Pressure Volume Borbed 
at NTP 
p{cm) plPo va{cc) 
0.18 0.021 1.91 
0.49 0.057 4.50 
1.28 0.148 7.39 
2.10 0.242 9.88 
2.87 0.331 12.29 
3.38 0.390 14.64 
3.82 0.441 17.34 
4.56 0.526 19.24 
Po = 8.67 cm at 23
0 C 
The isotherm corresponding to the adsorption data in table 49 
is shown in fig. 24. 
from the plot of p/v(po 
Intercept = 
Slope = 
- p) against plpo (fig. 
-1- = 8.731 x 10-3 
v c 
m 
c - 1 
v c 
m 
= 
v = 9.52 cc 
m 
25 ). 
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The surface area (5) of the alumina was calculated from 
2 -1 
equation (73) as 102.4 m 9 • assuming that the surface 
o 
area requirement (Am) of a benzene molecule is 40A 2• This 
2 -1 value of the surfece area compares to a value of 90.9 m 9 
obtained from the adsorption of water vapour. 
,Volume of benzene 
vapour adso,bed 
at NTP 
Valce) 
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fig 24 
o~ ____ ~~ ____ ~~ ____ ~~ __ ~~ ____ ~~ ____ ~ 
o 0·1 0·2 0·3' 0'. .0'5 0'6 
fig 75 
50 
o 
40 
30 
20 
10 
o·~ ________ ~ ________ ~~ ______ ~~ ________ ~ 
o 0'1 0'2 0,3 0" 
p/ 
Po 
- --- - - - -------------------------
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(iv) Adsorption of lauric acid from solution 
A sample of the alumina (2 gm) was heated at 120 0 C for 48 
hours and then brought into contact with 50 ml of lauric acid 
solution in cyclohexane. After equilibrium had been established, 
10 ml samples of the equilibrium solution were titrated with 
ethanolic potassium hydroxide solution using thymol blue as 
indicator. The concentration of the lauric acid solution before 
adsorption wae in excess of that required to give complete 
coverage of the elumina surface by leuric acid molecules. 
O2 Assuming a cross-sectional area of 27A for a molecule of 
96 lauric acid adopting a vertical orientation at the interface , 
the surface araa (5) of the alumina was calculated from the 
amount of acid sorbed. The procedure was repeated using pentane 
and benzene as solvent and the results ere recorded in table 50. 
Solvent 
Pentane 
Cyclohexane 
Benzene 
Table ·50 
Amount of lauric acid 
sorbed 
-1 
m.moles g 
·0.587 
0.581 
0.555 
Surface area 
2 -1 
m g 
95.5 
94.5 
90.3 
Since pentane is the least interacting of the three solvents 
2 -1 
used, a surface area of 95.5 m g becomes the most realistic 
value obtainable from sorption from solution. favourable 
comparison with the values of the surface area determined by 
( 2 -1) (2 -1) benzene vapour 102.4 m 9 and water vapour 90.9 m g adsorption 
is again noted • 
......... -----------------------
- - - - - -------------------------------------
(v) 
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o Adsorption of nitrogen at -196 C 
Using the gas sorption apparatus shown 1n f1gs. 20 and 
21, volumes of nitrogen Borbed by a sample of the alumina (1 gm) 
were measured for a series of different equilibrium prassures 
at liquid nitrogen temperature (_196oC). The alumina was 
heated at 120°C for 48 hours end outgassed at room temperature 
for 1 hour prior to the adsorption experiment. 
Several adsorption and desorption measurements were cerried 
out consecutively up to a relative pressure of 0.92 and the 
results obtained are recorded in table 51. 
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Table 51 
Equilibrium Relative Volume of Equilibrium Relative Volume of 
pressure pressure N2 sorbed pressure pressure N2 sorbed 
at NTP at NTP 
p{cm) piPo v (cc) a, p{cm) pipo Va{CC) 
first adsorption Second desorption 
1.49 0.020 21.59 49.41 0.650 106.05 
11.94 0.157 32.48 41.65 0.548 89.23 
21.27 0.280 39.89 35.88 0.472 60.17 
30.38 0.400 48.90 24.31 0.320 42.68 
39.41 0.519 62.90 11.27 0.148 31.25 
46.87 0.617 83.85 Third adsorption 
55.17 0.726 108.12 33.69 0.443 53.81 
66.82 0.879 119.31 43.50 0.572 75.89 
First desorption 50.49 0.664 100.52 
60.78 0.800 115.02 63.93 0.841 115.80 
49.19 0.647 108.33 Third dssorption 
42.53 0.560 92.53 57.24 0.753 111.45 
35.35 0.465 59.51 45.32 0.596 103.39 
16.43 0.216 36.09 40.69 0.535 74.65 
7.08 0.093 28.68 33.59 0.442 56.21 
3.46 0.046 24.96 25.43 0.335 ·.43.39 
Second adsorption 10.91 0.144 30.55 
13.53 0.178 33.89 Fourth adsorption 
35.41 0.466 56.64 40.77 0.536 67.63 
47.05 0.619 87.18 51.68 0.680 102.89 
57.91 0.762 110.63 64.23 0.845 115.64 
69.77 0.918 125.79 
Po = 76.0 cm 
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The adsorption and desorption isotherms corresponding to the 
data in table 51 are shown in fig. 26. 
From the plot of p/v(po - p) against p/po (fig. 27) over the 
relative pressure range 0.1 to 0.4, 
Intercept 
Slope 
= 
= 
v = m 
From equation (72) 
For nitrogen f = 
m = 
f = 
N = 
giving = 
Using equation (73) 
c - 1 
v c 
m 
30.3cc 
= 
1.091 
28.02 
= 
= 
-4 4.382 x 10 
-2 3.257 x 10 
f ( m )~ x 1016 ~2 
(f N) 
-1 0.B1 g.cc 
6.023 x 1023 molecules mole-1 
O2 16.2 A 
5 = vm N.Am x 10-
20 
22400 
2 
m 
the specific surface area (5) of the alumina is calculated as 
131.9 m2 g-1. 
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fig 26 
140 
120 
Volume of 
100 
nitroge," 
adsorbed 80 o first adsorption 
.at NTP • fir.t desorption 
60 
Ya(cc) o second adsorption 
• second desorption 
40 
v third adsorption 
T' third desorption 
"~fourth" adsorption 
o~ ______ ~~ ______ ~ ______ ~~ ______ ~~ ______ ~~ 
o "0'2 0'4 0'6 0'8 1'0 
150 fig 27 
.50 
0L-________ ~ ________ ~~------~~--------~--
'0 0'1 0,2 0'3 0,4 
PI. 
Po 
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It is noted that the specific surface area of the alumina 
determined by low temperature nitrogen adsorption is about 25% 
higher than that determined by the other methode used. This 
difference in surface area mey be a consequence of that surface 
porosity indicated by the hysteresis loop obtained during the 
desorption of nitrogen. The presence of pores on the alumina 
surface may restrict the adsorption of molecules larger than 
nitrogen giving rise to a smaller surface aree than calculated 
for nitrogen. 'or this reason the extent of surface porosity has 
been assessed by analysing the adsorption and desorption branches 
of the nitrogen isotherm. 
(c) Assessment of surface porosity 
(i) t-curve 
104 In recent years the t-plot of Lippens and de Boer hes 
attracted attention as a simple and direct method of interpreting 
nitrogen adsorption isotherms and characterising the porosity 
of solid adsorbents. The method consists in plotting the volume 
of nitrogen adsorbed on the solid under investigation against the 
corresponding statistical thickness, t, of the adsorbed layer 
of nitrogen on a non-porous reference solid. 
Assuming theta 
o 
Area occupied by a nitrogen molecule on surface = 16.2A2 
Then: 
Density of liquid nitrogen 
Number of molecules per eq. cm of 
surface 
Number of moles per sq. cm of 
surface 
= 1 
-1 
= 0.81g.cc 
16.2 x 10-16 
= 1 
16.2 x 10-16 x 
6.023 x 1023 
----------------------------------------
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Number of gm. per sq. cm of 
surfece = 26 
-16 16.2 x 10 x 
6.023 x 102:3 
Volume of nitrogen per sq. cm 
of surface 
'" 
26 
16.2 x 1016 x 
5.023 x 102:3 x 0.61 
0 
= Thickness of a monolayer = :3.54 A 
Thus if (v)l = volume of liquid nitrogen sarbed at a particular 
equilibrium pressUre 
and (vml1 = volume of liquid nitrogen sorbed corresponding 
to a monolayer 
then the thickness of the adsorbed layer, t, is given by 
t 
'" 
3.54 ~:Jl .... (74) 
This equation (74) is identical with 
t = 3.54 ~:Jg .... (75) 
where subscript "gO refers to the volume of gaseous nitrogen 
adsorbed. 
105 106 Earlier work' had demonetrated that nitrogen isotherms 
on various non-porous solids may be superimposed when plotted 
in a reduced form (v/v against p/p l and that deviations from 
m 0 
this standard isotherm may be analysed in terms of micropore filling 
and capillary condensation. 107 De Boer, Linsen and Osinga have 
108 
suggested that the adsorption data of Lippens, Linsan and de Boer 
for several well selected samples of non-porous aluminium oxides 
and hydroxides is suitsble for the construction of an "Experi-
mental Master Curve" up to a relative pressure of 0.98. The 
-- --- -- --------------------------------
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thickness of the adeorbed layer, t, is calculated from equation 
(75) and tabulated as a function of relative equilibrium pressure 
pip in table 52. 
o 
o 
teA) 
0.08 3.51 
0.10 3.68 
0.12 3.83 
0.14 
0.16 4.10 
0.18 4.23 
0.20 4.36 
0.22 4.49 
0.24 4.62 
0.26 4.75 
0.28 4.88 
0.30 5.01 
0.32 5.14 
0.34 5.27 
0.36 5.41 
0.38 5.56 
Table 52 
0.40 
0.42 
0.44 
0.46 
0.48 
0.50 
0.52 
0.54 
0.56 
0.58 
0.60 
0.62 
0.64 
0.66 
0.68 
0.70 
o 
teA) 
5.71 
5.B6 
6.02 
6.18 
6.34 
6.50 
6.66 
6.82 
6.99 
7.17 
7.36 
7.56 
7.77 
8.02 
8.26 
8.57 
0.72 
0.74 
0.76 
0.78 
0.80 
0.B2 
0.86 
0.88 
0.90 
0.92 
0.94 
0.96 
0.98 
o 
teA) 
8.91 
9.65 
10.07 
10.57 
11.17 
11.89 
12.75 
13.82 
14.94 
16.0" 
17.5" 
19.8" 
22.9" 
" extrapolated valuee 
The experimental master curve obtained by plotting the 
date in table 52 can be used for samples of alumina over the 
complete range of relative pressures shown but probably requirea 
correction at relative pressures above 0.75 for other adsorbents. 
The thickness of the edsorbed layer, t, can be expressed 
in terms of the surface area of the adsorbent and the volume of 
- -- - - ---------------------------------------, 
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nitrogen adsorbed. 
lisp = specific volume of liquid nitrogen (cc. g-l ) 
vI = volume of liquid nitrogen adsorbed (cc) 
v 
" 
volume of nitrogen gas adsorbed (cc at NTP) 
a 
m .. molecular weight of nitrogen 
5 .. surface area of the adsorbent (m2 g-1) 
The amount of liquid nitrogen adsorbed " moles 
Volume of nitrogen gas adsorbed at NTP " Vs = 22414Vl 
mvsp 
Thickness of the adsorbed layer = t = vl x lOB 
S 104 
o 
A 
= v mv x 104 
a sp 
224145 
o 
A 
= v 
o 
x 28 x 104 A 
Rearranging equation (76) givBs 
= 5 t 
15.47 
-!!. 
5 22414 x 0.81 
" 15.47 r;~ 
o 
A 
.... (76) 
•••• (77) 
so that a plot of v against t should be linear and pass thrDugh 
a 
the origin, the slope being a measure of the surface area 1n 
m2 g-l (fig 28 curve A). 
If the process of adsorption is unaccompanied by capillary 
condensation, then no deviation from thie linear plot should be 
observed. If at some value of t however, positive deviations sre 
observed (fig. 28 curve B) then capillary condensation is the 
likely explanation. When the pores are full the plot becomes 
linear again and almost parallel to the t axis, the slope of this 
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line representing the outer surface area at which adsorption 
is taking place. 
In the case of curve C in fig. 28, capillary condensation 
occurs in very narrow pores and the initial slope of the t~ 
curve is indicative of the surface area of these pores. At 
higher value a of t, the slope of the linear section represents 
the surface area of wider pores and the outer surface. 
Using de Boer's tabulated values of p/po and t shown in 
table 52, a plot of v against t was made for the alumina 
a 
used in this investigation (fig. 29). The slope of this plot 
is similar to curve B in fig. 28 and it is noted that capillary 
o 
condensation commences at a t value of about 5 A corresponding 
to a relative pressure of 0.3. 
The Kelvin equation is: 
log = •••• (78) 
where = surface tension of liquid nitrogen (8.72 
dynes cm -1) 
v 
" 
molecular volume of the adsorbed and/or 
capillary condensed nitrogen (34.6B cm 3 
mole ~1 ) 
T 
" 
absolute temperature of boiling liquid 
nitrogen (780 K) 
and rk is the so called Kelvin radius. 
120 
100 
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Valee} 
60 ~ 
40 
, 
, 
, 
, 
/ 
, 
I 
I 
I 
.. 
5 
132 
t 
b ... 
.... 
..... 
, 
o 
t(A) 
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If the contact angle ~ between the surface of the adsorbed 
liquid nitrogen and the wall of the capillary is taken to be 
zero, then equation (7B) reduces to 
- 4.05/10 9 p/p 
o 
•••• (79) 
Since the pores of alumina are often slit_shaped109 , then by 
assuming such pores to exist in the alumina used in this 
inveetigation, the relation between the Kelvin radius r k and the 
wall separation is given by 
d •••• (BO) 
where t = .thicknese of the adsorbed layer. 
from equations (79) and (BO) the pore width at a relative 
o 
pressure of 0.3 can be calculated as 1BA corresponding to the 
onset of capillary condensation in pores of this dimension. 
Similarly, capillary condensation is complete at t = 9.5 (p/p 
o 
o 
= 0.75) in pores having a width of about 51A. From the initial 
slope (B.125) of the experimental t-curve (fig. 29), the surface 
area of the alumina mllY be calculated by equation (77) as 125.7 
2 -1 
m g , which is comparable with the specific surface area 
calculated by the B.E.T. method (131.9 m2 g-1). The second 
linear section of the t-curve (fig. 29) having a slope of 2.30, 
2 -1 
corresponds to a surface area of 35.6 m g and represents the 
outer surface and wider poree of the alumina. 
from the results of this analysis it is concluded that 
the alumina used in this investigation does not contain any 
o 
micro pores, that is pores of less than about 20A diameter. 
Vc 
(('Il\ 0t ~QSQoUS 
,,;\-ro~ ....... ) 
oil 
x 
( .. \ o~ V, quo cl 
",rto':\~ ) 
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(ii) Pore size distribution analysis 
In order to determine the size and distribution of pores 
on the alumina surface a stepwise analysis of the desorption 
b h f th . t d ti . th . d t 108 ranc 0 e n~ rogen a sorp on ~so erm was carr~e ou • 
If the desorption branch is divided stepwise into equal relative 
pressure increments of 2 ax (fig. 30), and assuming the model 
of the pore to consist of two parallel plates, then each step 
can be identified with a group of pores having a wall separation 
between d +'x and d • 
xi Ll xi - DX 
___ ' _________ L __ ,.....--.:" 
- - - - - - - - - - .---..,zI!'---'! 
I 
I 
J ax J D.X I 
I I~J~I 
I I I 
I I 
I 
crI fi' 
• 
~ 
\'09""n"n,:) of st",1' 
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Representing the surface area of the group of pores (d 
xi + AX 
to de. ) by AS ,the volume AV is given by 
Xi - A x xi xi 
•••• (81) 
where d is the mean diameter of this group of pores. 
xi 
The volume of nitrogen (as liquid) desorbed ae the relative 
pressure decreases from xi + t.x to xi - 6x is given by 
•••• (82) 
This desorbed volume is formed by 
(1) the volume originating from the capillary evaporation 
of the i th group of pores at the mean relative 
pressure xi' and the decrease in thickness of the 
adsorbed layer for this group of pores by lowering 
the relative pressure from xi to xi - AX , which is 
given by 
•••• (83) 
(2) the decrease in thickness of the adsorbed layer in 
Therefore 
the pores which were already emptied at the relative 
pressure xi + A x, during the lowering of the pressure 
to xi - /:).x and this is given by 
V2 = (t(X i + Ax) - t(Xi _ AX» S(Xi + AX) •••• (84) 
l.lIS (d - 2t( .» ~ x. xi X. - aX J. . J. 
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Combining equations (81) and (8S) gives 
-/),V = (Rx - [)Xi) - (R '2.L1S 
- 1) .... (86) xi i xi xi 
where R = d I(d - 2t LI x) •••• (87) xi xi xi xi -
I 
and R = R (t + t.x - t (IX) •••• (88) xi xi xi xi -
Summing up all contributions of LiS we obtain the cumulative 
xi 
quantity S representing the total surface area of pores 
cum 
having a 
using an 
width greater than d • The computation was carried out 
xi 
ISM 1130 computer and the results obtained for the 
alumina used in this investigation are shown on the work sheet 
overleaf. A copy of the rortran program used is detailed in 
the appendix. 
The results are also expressed graphically in figs. 31 and 
32 where cumulative surface area (S ) is plotted against pore 
cum 
width (d) (fig. 31) and the pore surface area distribution (LI. S) 
is plotted as a function of pore width (d) (fig. 32). 
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Pore Size Distribution Analysis 
• j 
Work Sheet 
• I 
· , . , 
V xi t t t d R R1 Xi + .6X xi + /IX X. xi - !IX xi Xi xi ~ 
0 0 0 0 
X 108 cc(gas) A A A A 
122.0 0.89 14.94 14.38 13.82 108.79 1.3405 1.5014 
119.8 0.87 13.82 13.29 12.75 93.54 1.3747 1.4709 
118.1 0.85 12.75 12.32 11.89 82.03 1.4082 1.2110 
116.6 0.83 11.89 11.53 11.17 73.11 1.4399 1.0367 
115.4 0.81 11.17 10.87 10.57 66.00 1.4712 0.8827 
114.3 0.79 10.57 10.32 10.07 60.20 1.5026 0.7513 
113.5 0.77 10.07 9.86 9.65 55.40 1.5345 0.6445 
112.7 0.75 9.65 9.46 9.27 51.34 1.5652 0.5948 
112.0 0.73 9.27 9.09 8.91 47.81 1.5940 0.5739 
111.3 0.71 8.91 8.74 8.57 44.71 1.6216 0.5513 
110.6 0.69 8.57 8.42 8.26 41.96 1.6492 0.5113 
109.7 0.67 8.26 8.14 8.02 39.57 1.6816 0.4036 
108.7 0.65 8.02 7.90 7.77 37.44 1.7095 0.4274 
107.3 0.63 7.77 7.67 7.56 35.51 1.7412 0.3657 
105.6 0.61 7.56 7.46 ~.36 33.78 1.7719 0.3544 
103.4 0.59 7.36 7.27 7.17 32.20 1.8025 0.3425 
100.5 0.57 7.17 7.08 6.99 30.75 1.8334 0.3300 
95.4 0.55 6.99 6.91 6.82 29.41 1.8648 0.3170 
77.2 0.53 6.82 6.74 6.66 28.17 1.8968 0.3035 
69.2 0.51 6.66 6.58 6.50 27.01 1.9277 0.3084 
64.8 0.49 6.50 6.42 6.34 25.91 1.9580 0.3133 
61.3 0.47 6.34 6.26 6.18 24.87 1.9877 0.3180 
58.4 0.45 6.18 6.10 6.02 23.88 2.0168 0.3227 
55.7 0.43 6.02 5.94 5.86 22.93 2.0453 0.3273 
52.8 0.41 5.86 5.79 5.71 22.03 2.0762 0.3114 
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3 
Rxiil \ R \rilS ilVxi x 10 3 2AS ilX i x 10 tlS x xi _ 1 x x. 
cc (liquid) x 103 x 103 2 !1 2 -t c.c. m 9 m 9 
3.406 4.5661 0.0000 4.5661 0.8393 0.00 
2.631 3.6183 0.1235 3.4948 0.7471 0.84 
2.322 3.2704 0.1921 3.0782 0.7505 1.59 
1.857 2.6752 0.2423 2.4329 0.6654 2.34 
1.703 2.5055 0.2650 2.2405 0.6789 3.00 
1.238 1.8611 0.2766 1.5845 0.5263 3.68 
1.238 1.9006 0.2712 1.6294 0.5881 4.21 
1.083 1.6963 0.2853 1.4110 0.5496 4.80 
1.083 1.7276 0.3068 1.4208 0.5942 5.35 
1.083 1. 7574 0.3275 1.4299 0.6395 5.94 
1.393 2.2980 0.3364 1.9616 0.9348 6.58 
1.548 2.6036 0.3033 2.3003 1.1626 7.51 
2.167 3.7054 0.3708 3.3346 1.7812 8.68 
2.631 4.5830 0.3824 4.2006 2.3653 10.45 
3.406 6.0353 0.4544 5.5808 3.3032 12.82: 
4.489 8.0933 0.5523 7.5409 4.6827 16.13 
7.895 14.4770 0.6868 13.7903 8.9684 20.81 
28.177 52.5469 0.9440 51.6028 35.0902 29.78 
12.385 23.4944 1.9688 21.5256 15.2819 64.87 
6.812 13.1323 2.4722 10.6601 7.8928 80.15 
5.418 10.6102 2.7583 7.8519 6.0597 88.04 
4.489 8.9246 2.9928 5.9318 4.7695 94.10 
4.180 8.4307 3.1905 5.2402 4.3886 98.87 
4.489 9.1833 3.3793 5.8040 5.0620 103.26 
3.870 8.0361 3.3735 4.6626 4.2326 108.32 
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, " 
. , 
I 
, " 
, . , " 
, " 
V xi t t t d R R1 x. + Ax x. + AX xi x. - AX xi x. xi J. J. J. J. 
cc(gas) 0 0 0 0 x 10 8 A A A A 
50.3 0.39 5.71 5.64 5.56 21.17 2.1058 0.3159 
48.0 0.37 5.56 5.49 5.41 20.35 2.1352 0.3203 
45.9 0.35 5.41 5.34 5.27 19.56 2.1679 0.3035 
44.0 0.33 5.27 5.21 5.14 18.82 2.2033 0.2864 
42.4 0.31 5.14 5.08 5.01 18.11 2.2379 0.2909 
41.0 0.29 5.01 4.98 4.88 17.42 2.2733 0.2955 
39.8 0.27 4.88 4.82 4.75 16.75 2.3096 0.3003 
38.6 0.25 4.75 4.69 4.62 16.09 2.3473 0.3052 
37.5 0.23 4.62 4.56 4.1\9 15.45 2.3865 0.3103 
36.3 0.21 4.49 4.43 4.36 14.82 2.4279 0.3156 
35.2 0.19 4.36 4.30 4.23 14.20 2.4722 0.3214 
34.0 0.17 4.23 4.17 4.10 13.59 2.5202 0.3276 
32.8 0.15 4.10 4.04 3.97 12.98 2.5733 0.3345 
31.5 0.13 3.97 3.90 3.83 12.37 2.6257 0.3676 
30.2 0.11 3.83 3.76 3.68 11.73 2.6820 0.4023 
fiX i x 10
3 
cc (liquid) 
3.560 
3.251 
2.941 
2.477 
2.167 
1.857 
1.857 
1.703 
1.857 
1.703 
1.847 
1.857 
2.012 
2.012 
2.012 
----------------------------------------------------
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R1 2ll.5 
Xi xi - 1 
X 103 
7.4987 3.5554 
6.9422 3.7243 
6.3772 3.6252 
5.4580 3.5018 
4.8508 3.6173 
4.2236 3.7148 
4.2911 3.7917 
3.9976 3.8716 
4.4339 3.9412 
4.1350 4.0298 
4.5931 4.1078 
4.6823 4.2100 
5.1794 4.3219 
5.2848 4.7977 
5.3981 5.2822 
c.c. 
3.9433 
3.2179 
2.7520 
1. 9562 
1.2335 
0.5088 
0.4994 
0.1259 
0.4927 
0.1052 
0.4853 
0.4723 
0.8575 
0.4871 
0.1159 
6S 
xi 
2 -1 
m 9 
x t.S 
'- Xi 
2 -1 
m 9 
3.7244 112.56 
3.1623 116.28 
2.8132 119.44 
2.0784 122.26 
1.3619 124.33 
0.5839 125.70 
0.5961 126.28 
0.1564 126.88 
0.6374 127.03 
0.1418 127.67 
0.6832 127.81 
0.6949 128.50 
1.3205 129.19 
0.7875 130.51 
0.1974 131.30 
Cumulative 
Surface Area 
2 -1 
Scum m g 
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From the pore size distribution analysis it can be seen 
that about 90% of the surface area is accounted for by pores 
having a width greater than 20R and the largest part of the 
surface area of the alumina arises from pores having a diameter 
between 27 - 32a. 
.- ~------------------------------------------------------------------------------------
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2. Sorption of p-substituted anilines from cyclohexane onto 
activated alumina 
~a) The sorbent 
All sorption experiments were carried out on the same batch 
of 100 - 200 mesh aluminium oxide which was manufactured by 
"Camag" m.F.C. The sorbent was dried for 48 hrs. at 1200 C 
before each sorption experiment. 
Cb) The solvent 
Cyclohexane was dried and fractionally distilled as previously 
described. Prior to each sorption experiment the solvent was 
purged with dry nitrogen gas. 
(c) The sorptives 
Aniline, p-toluidine, p-chloroaniline, p-bromoaniline and 
p-cyanoaniline were purified immediately before use as previously 
described. 
(d) Sorption procedure 
A stock solution of the aniline in cyclohexane was prepared. 
Suitable volumes of the solution were measured into a series of 
100 ml flasks and then made up to 50 ml by addition of an 
appropriate volume of cyclohexane. For each chosen concentration 
three identical solutions were prepared. 
o A 2 gm sample of alumina, preheated for 48 hours at 120 C, 
was introduced while hot into each flask which was then sealed with 
a quick drying solution of cellulase acetate in acetone. The 
flasks were partially immersed in a water bath maintained at 350 C 
and allowed to attain equilibrium over a period of 5 days. The 
flasks were frequently shaken during this time. 
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After 5 days a graded series of solutions of the aniline 
were prepared from the original stock solution which was stored 
under similar conditions to the sorption solutions. Absorbances 
were measured at a suitable wavelength in the ultra-violet using 
a Unicam SP.SOO Spectrometer and a calibration graph constructed. 
The seal on each sorption flask was carefully removed, a portion 
of the clear supernatant solution was decanted and the absorbance 
was measured. Where necessary dilution of the sorption solutions 
was carried out in order to obtain a suitable absorbance reading. 
For each set of the sorption solutions, the mean equilibrium 
concentration of aniline in the liquid phase was determined from 
the calibration graph and the amount of aniline sorbed was cal-
culated. The results obtained are recorded in tables 53 to 57. 
Adsorption isotherms were constructed by plotting the moles of 
aniline sorbed (nODx~/m) against the equilibrium mole fraction 
1-
of aniline in the liquid phase X2 and the curves obtained a~e 
shown in figs. 33 to 37. 
I j 
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(s) Experimental results 
In the tables of results given below, the symbols used 
have the following meaninge: 
XO 2 
X~ mole fraction of the aniline in liquid phase 
before eorption 
x~ mole fraction of the aniline in liquid phase 
after sorption 
~x~ change in mole fraction of the aniline during 
sorption = X~ - X~ 
x~ mole fraction of cyclohexane after sorption = 
1 _ Xl 
2 
nO total number of moles in 50 ml of solution before 
sorption 
Table 53 p-toluidine 
x 10 2 x~ x 103 o 1 1 1 0 (n tlX2/ ) (X1X2/ n' 
m 
o 1 ) x 103 n l> X2/ m 
0.1390 0.2108 0.4539 0.2677 0.7873 
0.2225 0.5285 0.4538 0.3849 1.3722 
0.3060 1.0625 0.4537 0.4532 2.3422 
0.3896 1.6984 O. 4536,~ 0.4983 3.4027 
0.5010 2.6236 0.4534 0.5411 4.8363 
0.6125 3.7019 0.4533 0.5493 6.7146 
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Table 54 aniline 
x 10 2 Xl x 103 
° 1 I 1 XO 
° (n AX 2/ m) x 103 (X1 X2/ °L:\X I ) 2 2 n n 2/m 
0.1167 0.1124 0.4540 0.2394 0.4694 
0.1868 0.3679 0.4540 0.3404 1.0803 
0.2568 0.7302 0.4539 0.4172 1.7491 
0.3269 1.1776 0.4539 0.4746 2.4782 
0.4203 1.9094 0.4539· 0.5205 3.6612 
0.5138 2.7361 0.4538 0.5450 5.0070 
Table 55 p-chloroaniline 
x 102 Xl x 103 ° I x 103 
I 1 
Xo ° (ntlX 2/ m) (X1 X2/ n°tJ X~/m) 2 2 n 
0.1168 0.1357 0.4538 0.2342 0.5793 
0.1869 0.4303 0.4536 0.3264 1.3178 
0.2571 0.9027 0.4535 0.3783 2.3839 
0.3274 1.4695 0.4533 0.4089 3.5882 
0.4211 2.3102 0.4531 0.4306 5.3523 
0.5150 3.0799 0.4529 0.4686 6.5522 
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Table 56 p-bromoaniline 
x 10 2 Xl x 103 
o I 
x 103 
I I 
XO 0 en LlX 2/ m) (X1X2/n°e.X~/m) 2 2 n 
0.1139 0.1797 0.4535 0.2175 0.8259 
0.1824 0.5157 0.4532 0.2964 1.7390 
0.2510 1.0002 0.4529 0.3418 2.9238 
0.3196 1.5463 0.4525 0.3734 4.1353 
0.4113 2.2832 0.4521 0.4137 5.5060 
0.5032 3.0802 0.4517 0.4409 6.9653 
Table 57 p-cyanoaniline 
101:t Xl x 104 
°Ll Xl 3 I I 0 0 en 2/m) x 10 (X1X2/noL\X~/m) X2 x 2 n 
0.3715 0.1865 0.4541 0.0840 0.2220 
0.5573 0.3089 0.4540 0.1128 0.2738 
0.7431 0.4636 0.4540 0.1269 0.3653 
0.9289 0.6192 0.4540 0.1406 0.4404 
1.3004 0.9545 0.4540 0.1571 0.6077 
1. 8578 1.4822 0.4540 0.1705 0.8691 
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'p. Toluidine 
0·5 
Amount 
0·' fi933 
Sorbed 
o I 3 ~2 .10 
m 0·3 
o~o~--------~~--------~~--------~~----------~--0·1 0.2 0'3 0'4 
Equilibrium Concentration X I .102 
2 
'Aniline 
0·6 
0'5 
Amount 
0·4 1i934 
_. Sorbed 
013 
_ n ~X2 )(10 __ . 
m· 0·3 
0'2 
0·1 
o~ ________ ~ ________ ~~ ________ ~~ ________ ~ __ 
o 0·1 02 0·3 0·. 
Equilibrium Concentration I 2 X2 x10 
Amount 
Sorbed 
0 1 3 
nAX2 x10 
m 
Amount 
Sorbed 
3 o I ~2 .10 
m 
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p- Chloro-An il i ne 
0-5 
0-4 fig 35 
0-3 
0-2 
0-1 
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o 0-1 0-2 0-3 0-4 
Equilibrium Concentration 
0-5 
0-4 
fig 36 
0-3 
0-2 
• 
0-1 
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o 0'1 0·'2 0·3 O·A 
Equilibrium Concentration I 2 X2 xl0 
Amount 
So, bed 
o I 3 
nAX
2
",10 
m 
0·2 
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p-Cyano-Aniline 
0'05 0" 
I 3 
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, 
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A - DISCUSSION 
The properties of the NH bond evaluated in this study can 
be examined in terms of a substituent parameter in order to 
assess the electronic influence of the substituent on the 
magnitude of these properties. 
In selecting a suitable parameter for this purpose, it 
was emphasised in the introduction that the substituent constants 
o n 9 ~ and ~ , proposed by Bekkum, Verkade and Wepster and based 
on reactions of well "insulated" functional groups, should 
only be used for correlation purposes in reactions not involving 
direct conjugative interactions. Since the possibility of direct 
mesomeric interaction between the p-substituent and the amino 
group i~ substituted anilines is anticipated, it is proposed to 
compare the experimentally determined properties of the NH bond 
for these compounds with Jaffe's redefined values of the Hammett 
substituent constants d and ~K. 
Hammett and Jaffe both recommend the use of enhanced values 
of the substituent constant ~K, for reactions involving anilines 
and phenols. In addition to the possibility of direct conjugative 
interaction of the substituent with the functional group, reactions 
in aqueous media are subject to solvation effects. Solvent 
stabilisation of the conjugate ion may be mainly responsible for 
the introduction of ~K values in the correlation of pKa values 
of anilines and phenols. In this respect it is of interest to 
compare the pKa values of a series of p-substituted anilinium 
ions in different solvents (table 58). 
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Table 58 
Compound pKa pKa M u' 
water 110 50/50 dioxan/ 
water 111 
p-anisidine 5.29 4.90 -0.268 
p-toluidine 5.12 4.56 -0.170 
aniline 4.58 4.02 0.0 
p-chloroaniline 3.98 3.11 0.227 
p-bromoaniline 3.91 3.03 0.232 
p-acetylaniline 2.20 1.85 0.516 0.874 
p-cyanoaniline 1.74 1. 74 0.628 1. DO 
p-nitroaniline 1.02 1.70 0.778 1.27 
The pKa values for the two solvent systems, plotted against 
the substituent constant ~ , are shown in fig. 38 from which it 
can be seen that the pKa values in water are linearly related 
to the enhanced values of ~M, whereas the values obtained in 
the less polar solvent correlate better with the normal values 
of (j' • 
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1. Association Constant 
The association constants for the interaction of p-
substituted aniline8 with dioxan in cyclohexana solution, 
determined at 25 and 3Soe, are summarized in table 59. 
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Tabla 59 
Compound Association Constant K(li tre mole -1 ) 
25 0 C 350 C 
p-anisidine 0.45 0.35 
p-toluidine 0.51 0.44 
aniline 0.59 0.53 
p-chloroaniline 0.84 0.66 
p-bromoaniline 0.86 0.64 
p-acetylaniline 1.09 0.88 
p-cyanoaniline 1.20 1.00 
From table 59 it is seen that the temperature coefficient 
of the association constant is as expected, K decreasing with 
increasing temperature. It is also noted that electron donating 
groups cause a decrease and electron attracting groups an increase 
in K over that observed for aniline. On plotting log K against 
~ and tfM (fig. 39) a linear correlation at each temperature 
is only obtained between log K and the normal values of G • 
The fact that solvent stabilisation of the hydrogen bonded 
complex may not be as important as is conjugate ion stabilisation 
in the process of ionisation, may be significant in explaining 
linearity of log K with G. In this respect it is interesting 
to note that log K varies linearly with normal values of G in 
the case of the hydrogen bonding of p-substituted phenols to 
dioxan. 
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Regression lines for the plots of log K against ~ at each 
temperature have been calculated by the method of least squares 
and the equations obtained are as follows: 
log K = 0.4800' - 0.218 at 25°C 
log K = 0.441 il - 0.282 at 3S oC 
.... (89) 
.... (90) 
When log K for the p-substituted phenols (table 5, p.17) is 
plotted against log K for the corresponding ani lines the expeoted 
linear rel'ationship is obtained (fig. 40). It is noted from 
fig. 40 that the relationship is temperature independent. The 
slope of 1.76 implies a greater hydrogen bonding affinity of 
phenols than anilines for dioxan. 
The strength of hydrogen bonding to dioxan in cyolohexane 
solution (~He) may be calculated from the values of the 
association constant determined at the two temperatures 25 and 
3S oC by application of equation (91). e It is assumed that 6H 
remains constant over the range of temperature considered. 
log ~~~~ = 6H8 T2 T1 .... (9') 2.303R T 2 T, 
where K, = association constant at 2SoC 
KZ = association oonstant at 3SoC 
T1 = 298
0 K 
T2 = 30aoK 
I 
- - -- - - - - - - -- ----- - - - - - --- - ------------------------
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The scatter in the values of LI He so ob tained tends to 
obscure any significant variation. In order to overcome this 
difficulty smoothed values of K1 and K2, calculated from 
equations (89) and (90), were introduced into equation (91) 
and the values of I'> He so obtained are recorded in table 60 
together with corresponding values for the p-substituted phenols. 
The I'> He values for the phenols were also calculated from 
smoothed values of the association constant at 25 and 35°C. 
Using the data obtained by Hawley (table 5, p.17), regression 
lines at each temperature were calculated by the method of 
least squares for the plot of log K against if and the equations 
obtained are as follows: 
log K = 0.828if + 1.184 at 25 0 C .... (92) 
log K = O.782t;' + 1.082 at 35 0 C .... (93) 
Smoothed values of K were then calculated from equations (92) 
and (93) and LI He evaluated from equation (91) in the same manner 
as that used for the anilines. 
......... ------------------------------
5ubstituent 
p-CI 
p-Br 
p-CoCH 3 
p-CN 
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Tabl e 60 
Anilines 
Cl He (K. cals. 
-2.26 
-2.42 
-2.70 
-3.07 
-3.08 
·-3.54 
-3.73 
mole 
Phenols 
-1 ) 
-3.97 
-4.31 
-4.75 
-5.53 
-5.82 
The relatively small magnitude of L>H e for the p_substituted 
anilines compared to the corresponding values for phenols indicates 
the weak nature of hydrogen bonding encountered in the aniline 
series. The interaction is particularly weak for ani lines having 
a +M substituent, but increases with increasing electron 
attracting power of the p-substituent. 
The association constants of hydrogen bonding to dioxan 
of aniline, diphenylamine, indole, carbazole and phenol in 
. cyclohexane solution, determined at 25 and 35°C, and the pK a 
values for the protonated species are summarized in table 61. 
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Table 61 
Compound K (H tre mole -1) pK .. in Water 112 
25°C 3S oC 2S oC 
aniline 0.59 0.S3 4.60 
diphenylamine 1.20113 1.01 113 0.79 
indole 2.21 1. 96 -2.4 
carbazole 3.65 2.69 
phenol 14.1 10.8 -7.04(OoC) 
It is of interest to note that the association constants K 
for the process of hydrogen bonding to dioxan increase with increasing 
acidic character of these compounds as reflected by the pK values 
of the protonated molecule in aqueous solution. 
2. Amino Group Stretching Frequency 
(a) Frequency Shift /1)) 
When the p-substituted anilines are dissolved in dioxan, the 
characteristic NH stretching frequencies ( »AS and »S) are 
observed at lower frequencies than when the anilines are dissolved 
in cyclohexane. The resulting frequency shifts (A))), calculated 
from the experimental data (table 13, p.S8), are recorded in 
table 62. 
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Table 62 
Compound Cl·)) ( -1 ) AS cm A \lS (cm-1 ) 
p-anisidine 31 30 -0.268 
p-toluidine 33 32 -0.170 
aniline 37 35 0.0 
p-chloroaniline 41 39 0.227 
p-bromoaniline 43 40 0.232 
p-acetylaniline 55 50 0.516 , 0.874 
p-cyanoaniline 64 55 0.628 1.00 
The values of 4 ))AS and b.»S both increase with increasing 
electron attracting power of the p-substi tuent and a linear 
correlation of 4 :l)AS and Cl»S with the enhanced values of the 
substituent constant tf If is observed (fig.41). 
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The regression lines for Ll~A5 and 6))5 against t;' 14 were calculated 
by the method of least squares and are given by equations (94) 
and (95): 
= 
24.12c;'K + 36.90 •••• (94) 
= 1B.731:1K + 35.07 •••• (95) 
It is interesting to speculate on the reason for the correlation 
of 6)) with tfK particularly since log K plots linearly against 
the normal value of t1. The author considers that a change in 
hybridisation of the nitrogen atom in aniline from sp3' towards 
2 ' 
an, sp state, brought about by contributions from both p-substitution 
and hydrogen bonding to dioxan, is important in this connection. 
It is noted from table 13, p.5B that the NH stretching frequencies 
of the p-substituted anilines in cyclohexane increase with increasing 
-M substitution. The increase in frequency is associated with 
the increasing sp2 character of the nitrogen atom, brought about by 
substitution. In dioxan solution however, the NH stretching frequencies 
for both the symmetric and anti symmetric vibrations are essentially 
constant. 
In explanation it is suggested that the nitrogen atom of 
2 the amino group undergoes an additional change in sp character 
brought about by hydrogen bonding to dioxan. The magnitude of 
this change in hybridisation is expected to decrease with increasing 
2 
sp character of the nitrogen atom and will be absent in anilines 
2 
which are completely sp hybridised. Consequently, the effect 
of this additional 'change is greater in the case of anilines with 
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+M substituents, having a nitrogen atom which is predominately 
sp3 hybridised, than for anilines with -M substitusnts which are 
2 principally sp hybridised. The result of this effect on the 
NH stretching frequency in p-substituted anilines is illustrated 
in fig. 42. 
Substituent Frequency 
CH3 
H 
Cl 
CN 
fig.42 . 
• I ' A').) ) I E 6)) 
, 
• . 2 h t Increasing sp c arae er 
I ( 6)) I 4)) I } -c;---.:- j , I of .the nitrogen atom 
. I 
brought about 
I 
by 
4.)) 
I ' ./.:>)) ++ ~u.bstitution 
,. increasing Wave number. 
I observed Frequency in cyclohexane 
I observed .Frequency in dioxan 
A» - observed frequency shift 
, 
A~ _ additional frequency shift which would have arisen 
if no change in hybridisation of the nitrogen atom 
on hydrogen bonding of the aniline to dioxan had 
occurred. 
~----------------------------------------------------------------------------
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If no change in hybridisation of the nitrogen atom occurred 
on hydrogen bonding to dioxan the expected frequency shift would 
, 
be g1 ven by /:>')) + /:>)) and the NH stretching frequencies of the 
p-substituted an11ines in dioxan would show a similar trend to 
those in cyclohexane. As a result of the additional change in 
hybridisation however, the expected frequency shifts in dioxan 
are subject to a reduction proportional to the electron donating 
power of the substituent group. This results in the observed 
frequency shifts ~~for these anilines with -m substituents such 
as p-acetyl and p-cyano, which suffer no reduction in 6~on 
hydrogen bonding to dioxan, showing a positive deviation from a 
linear plot of .1~ against er' The deviation from the linear 
relationship shown in fig. 41, can be restored however by plotting 
* 6~ against the enhanced values of the substituent constant ~ 
for these -M substituted compounds (fig. 41). 
The relatively weak nature of hydrogen bonding encountered 
with aniline is illustrated by comparing the frequency shift (/l).l) 
observed for aniline, diphenylamine, indole, carbazole and phenol 
when these compounds are dissolved in cyclohexane and in dioxan 
(table 63). 
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Table 63 
Compound Frequency Shift Association Constant (25 0 C) 
IS» (cm-1 ) K (litre mole-1 ) 
aniline 35 0.59 
diphenylamine 87 113 1.20113 
indole 168 2.21 
carbazole 174 3.65 
phenol 282 14.1 
It is noted that the increase in frequency shift (/';») with 
increasing acidic character of the compounds compares with the 
increase in association constant (K) for the process of hydrogen 
bonding to dioxan. 
• 9 (b) b.)) and the enthalpy of hydrogen bonding /) H 
114 Joesten and Drago have reported a linear relationship 
between the enthalpy of hydrogen bonding (6H 9 ) and the change 
in OH stretching frequency (/';))OH) when phenol is complexed 
with 15 different electron donors in carbon tetrachloride solution. 
This relationship is given as 
e -1) -1 
- 6H (K cals. male = 0.016 ~~OH(cm ) + 0.63 .... (96) 
It is of interest therefore, to examine the variation of 
/'; He with 6))NH far a series of p-substituted anilines dissolved 
in cyclohexane solution and complexed with a single electron donor 
molecule such as dioxan (fig. 43). The 6He values plotted in 
fig. 43 have been calculated from smoothed velues of K and are 
recorded in table 60, p.159. 
..-----c--- - -~~ 
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The curved reletionship observed between A He and A» is 
probably due to the change in hybridisation' of the nitrogen atom 
from sp 3 to sp 2 brought about by increasing -M sub sti tution. A 
recent study by 115 Murrell on the variation in strength of hydrogen 
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bonding with the orbital character of the electron donor atom 
in a hydrogen bonded system has shown that the strength of 
hydrogen bonding decreases with increasing 5 character of the 
donor orbital. If an increase in 5 character of the acceptor 
orbital produces a similar effect on the strength of hydrogen 
3 2 bonding, the change in hybridisation from sp to sp of the 
nitrogen atom in anilines, brought about by increasing -M 
substitution, should give rise to a decrease in strength of 
hydrogen bonding. With increasing -M substitution however, the 
electronegativity of the nitrogen atom increases producing an 
increase in the strength of hydrogen bonding and the net result 
of changes in both electronegativity and hybridisation of the 
nitrogen atom is shown by the curvature in fig. 43. The initial 
part of the curve is probably representative of hydrogen 
bonding involving a predominately sp3 hybridised nitrogen atom. 
With increasing -M sUbstitution the nitrogen atom assumes more 
5 character, and the slope at any given point on the curve 
progressively decreases. It would be expected that when the 
nitrogen atom is completely sp2 hybridised the plot of b.He 
against 6~ should become linear. Forla series of p-substituted 
phenols, the plot of 6 He (table 60) against 6»116 is in fact 
linear (fig. 44), no change in hybridisation of the oxygen atom 
of the hydroxyl group occurring on p-substitution. 
-0·0 
-I Kcol.mole 
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3. Dipole Moments 
The dipole moments of tha p-substitutad anilinas in 
cyclohaxane and dioxan solution, calculated by the Halverstadt-
86 Kumler method , are summarised Ln table 64. 
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Table 64 
Compound Dipole Moment )J (D) at 2SoC 
Cyclohexane Dioxan 
p-anisidine 1.78 1.97 
p-tol~idine 1. 31 1.47 
aniline 1.50 1.75 
p-ctilo roaniline 2.94 3.29 
p-bromoaniline 2.97 3.39 
p-cyanoaniline 6.46 
p-nitroaniline 6.86 
for all the compounds studied it is seen that the dipole 
moment in dioxan is greater than that measured in cyclohexane 
solution. Strong evidence exists that this increase, in tha 
case of phenols and anilines26 , 29, 3D, 31, is caused by 
hydrogen bonding and in the present investigation it is concluded 
that hydrogen bonding occurs between a hydrogen atom of the 
amino group and the oxygen atom of a dioxan molecule. The 
effect of hydrogen bonding would be to change the NH bond 
moment and it becomes of interest to assess the influence of 
p_substitution on the NH bond moment change and make comparison 
with data obtained from an analogous series of p-substituted 
phenols. 
Calculation of NH bond moment increment 
The direction of the resultant moment of the C-NH 2 group 
in aniline was calculated from bond moments by vector analysis 
(fig. 45). 
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Assuming that methyl and amino groups in the p-positions are 
without interaction on one another27 and taking the dipole 
moments of aniline, p-toluidine and toluene in cyclohexane 
as 1.50, 1.31 and 0.370 respectively, the angle between the 
C-N bond and the resultant moment of the C-NH2 group was 
calculated vectorially to be 520 49' «(3). 
The NH2 group in aniline does not lie in the plane 
A 
" 
of 
benzene ring, but by assuming that the angles CNH and HNH 
117 
the 
are 
.1060 48' , the angle between the C-N bond and the bisector 
" 0 t of the HNH angle can be calculated as 119 2. Using this angle 
and the angle'of 520 49
' 
for the direction of the resultant 
moment of the C-NK 2 group, the bond moments II and h () /-C-N ~N-H 8 _ 
in aniline were calculated by the sine rule using the following 
vector diagram (fig. 46). 
)JC-N 
when 
and 
C 
.ftN-H (8) 
Sin 520 491 
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fig. 46 
R = resultant moment of the C-NH2 group • 
1.500 
;UN-H(e) = moment along the bisector of 
A HNH angle 
f> = 52 0 491 ; 't = 1190 21 ; cS = 80 91 
= 1.370; IC-N = 0.240 
It is noted that in the C-N bond, tha nitrogen atom is at 
the positive end of the bond dipole. This reversal of the 
accepted direction in aliphatic amines118 (C-N,;UC_N = 0.50) 
is a result of the mesomeric interaction of the nitrogen atom 
with the aromatic ring. 
The bond moment increments (x) along the bisector of the 
.. HNH angle of the amino group, necessary to explain the 
observed dipole moments of the p-substituted anilines in 
dioxan were calculated from equation (97) ~sing the following 
vector diagram (fig. 47). 
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fig 47 
O'24+Y 
x 
'10)2 " (1.37 + x)2 + (0.24 + y)2 + 2(1.37 + x)(0.24 + y) 
o 1 
cos 60 58 
where;Uo " observed dipole moment in dioxan 
.... (97) 
y "dipole moment of the mano~ub5tituted benzene C6H5X 
CH 3 - 0.37, Cl 1.58, Br 1.56, CN 4.03, N0 2 4.010. 
x "increase in the NH bond moment along the bisector 
" of the HNH angle necessary to explain the observed 
dipole moment in dioxan 
Although interaction between the two para substituents and the 
hydrogen banding interaction both contribute to this bond moment 
increment, it is assumed for calculation purposes that all the 
bond moment increment resides in the NH bonds. 
In the case of p-anisidine, the angle, e , which the OCH~ 
group moment makes with the major axis of the ring was calculated 
vectorially from the observed moments in cyclohexane of phenyl 
methyl ether (1.300), p-fluoro phenyl methyl ether (2.090) and 
119 fluorobenzene (1.480) 
• 
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It was assumed that no interaction occurred between the p-
fluoro substi tuent and the methoxy group in p-fluoro phenyl 
methyl ether, and the angle e was found to be 82 0 42 1. 
Using the vector model shown in fig. 48 
fig 48 
/: ' , I : 1'30 
CH I 
3 ' 
and assuming free rotation of the methoxy group about the major 
axis of the ring, vector calculation enabled a value of x to 
be obtained which explained the moment of p-anisidine in dioxan. 
" The NH bond moment increments (x) calculated along the HNH 
bisector for the p-substituted aniline6 are record~d in table 
65 with the Hammett substituent constants (f and OH bond moment 
increments for the'corresponding p-substltuted phenols (table 7). 
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Table 65 
Sub sti tuent Bond moment .. increment x(O) 
t;J 
Anilines Phenols 
P-OCH 3 0.14 -0.268 
P-CH3' 0.18 0.35 
-0.170 
-H 0.25 0.42 0.0 
p-Cl 0.63 0.54 0.227 
p-Br 0.76 0.48 0.232 
p-CN 1.83 0.99 0.628 
P-N0 2 2.33 1.18 O.77B 
Table 65 shows that the greater the electron attracting 
power of the substituent group, the greater the additional 
moment along the HNH bisector. It is anticipated that these 
additional moments (x) for the anilines would be a reflection 
of the Hammett substituent constantG and this is confirmed 
from the linear plot of x against t;' , enhanced values being 
used for the strong -ffi substituents (fig. 49). 
1. OD 
1.27 
Previous workers32 have established a similar linear relation-
ship in the case of the p-substituted phenols (table 7) and 
this is illustrated on plotting the NH bond moment increments 
in anilines against the corresponding OH bond increments in 
phenols (fig. 50). 
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rrom the slope of the plot shown in fig. SO it is noted 
that the NH bond moment is perturbed to a greater 
extent by hydrogen bonding to dioxan than the OH bond moment 
in phenols. This may be a consequence of the difference in 
the states of hybridisation of the oxygen and nitrogen atoms 
in phenols and anilines. In the former case, substitution only 
gives rise to changes in the electron density of the oxygen 
atom due to the maximum overlap between the p-orbitals of oxygen 
and the carbon atom of the benzene ring, whereas in aniline 
changes in both the state of hybridisation and electron density 
of the nitrogen atom may be produced, resulting in a larger 
mesomeric interaction than in phenol. 
4. Sorption at the Solution-Solid Interface 
(a) Mechanism of sorption and orientation at the interface 
The limiting sorption values recorded in table 66 have been 
evaluated from the experimental isotherms by appl£cation of the 
empirical Jowett equation (98)120 which is independent of 
sorption mechanism and has the form 
~ = 
m 
( ) -Bc A - A - a e •••• (98) 
where n = moles of solute adsorbed by m 9m. of adsorbate 
c = equilibrium concentretion 
A = a constant - limiting sorption value 
a and 8 are constants. 
177 
Table 66 
Compound 
p-toluidine 
aniline 
p-chloroaniline 
p-bromoaniline 
p-cyanoaniline 
Limiting Sorption Value 
-1 
moles g 
5.54 x 10-4 
5.73 x 10-4 
4.71 x 10-4 
4.32 x 10-4 
1.81 x 10-4 
Because of the low solubility of p-cyanoaniline in cyclohexane 
it is considered that surface saturation was not achieved and 
for this reason the limiting sorption value is probably low. 
In order to calculate the surface area requirement for 
each molecule from the limiting sorption values it is necessary 
to ascribe a surface area to the adsorbent which is available 
to solute molecules in solution. 
The surface area of the alumina has been determined by 
o ( 2 -1) nitrogen adsorption at -196 C 131.9 m g , water vapour 
adsorption at 24.5 0C (90.9 2 -1) . t m g , benzene vapour adsorptl0n a 
o ( 2 -1) 23 C 102.4 m g and the adsorption of lauric acid from 
( 2 -1) cyclohexane solution at room temperature 94.5 m 9 • The 
surface areas calculated by each method are given in parentheses. 
Factors important when comparin9 surface areas determined 
by different methods include (1) porosity of the adsorbent and 
(2) specificity of the adsorption process. 
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Analysis of the desorption branch of the nitrogen isotherm 
has enabled the pore size distribution of the adsorbent to be 
assessed and it is concluded that the majority of the pores have 
diameters in the range 20-30R. Optical and electron microscopy 
indicates that the pores are predominately wedge or slit-shaped 
and it is on the basis of this shape that the pore size distribution 
analysis has been interpreted. 
Whereas nitrogen adsorption is considered mainly non-
specific, it is most likely that on an alumina surface, lauric 
acid and water molecules will be adsorbed at specific sites and 
some degree of specificity may be important in explaining the 
sorption of benzene vapour, n -electron cloud/OH group interactions 
being effective. It is concluded from the gravimetric studies of 
the alumina that the surface is fully hydroxylated and support for 
102 this conclusion is provided by the results of other workers from 
studies of the infrared characteristics of alumina surfaces. The 
predominance of surface OH groups provides an ideal environment for 
specific adsorption of molecules by a hydrogen bonding mechanism. 
That the surface area determined by nitrogen adsorption is 
about 25% greater than that determined by the other methods used can 
be partly explained by possible exclusion of larger mOlecules 
from the pores of the alumina surface and partly by specific site 
adsorption of these molecules other than nitrogen. As far as 
specific site adsorption is concerned, the disposition and frequency 
of occurrence of sites on the surface is important in relation to 
the area requirement of the sorptive molecules. 
In the light of the above discussion it is considered that 
in the case of the sorption of anilines from solution on to the 
activated alumina it is more appropriate to select an area ofabout 
100 m2g-1 as the surface area available to the sorptive molecules. 
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Accordingly, on this basis the area occupied by each of the 
aniline sorptive molecules has been celculated and the 
results are recorded in table 67. 
Table 67 
Compound Area occupied per molecule ~ 
02 
A 
p-toluidine 30.0 
aniline 29.0 
p-chloroeniline 35.3 
p-bromoaniline 38.4 
p-cyanoaniline 91.7 
100 2 -1 = m g ~ Surface area of alumina 
Comparing the above molecular area requirements with the 
value of 24~2 obtained by Adam121 for the adsorption of 
aromatic molecules, at zero compression, at a liquid-air 
interface, it is seen that the most likely orientation of 
the aniline adsorptives at the alumina interface is nearly 
perpendicular and this would be compatible with a hydrogen 
bonding situation as the mechanism of sorption. In the case 
of p-cyanoaniline, since attainment of surface saturation is 
in doubt, speculation about the possible orientation of this 
compound at the salution-solid interface is not justified. 
(b) Index of sorption 
For an ideal binary system model, Everett57 derived 
the following equation (99) 
- - - - - -- - - - - --- - -----------------------
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1 
= 
x2 + 
s 
, 
•••• (99) 
n 
where 1 mole fraction of component 1 in the liquid phase x, = 
1 
mole fraction of component 2 in the liquid phase x 2 = 
lIX 2 = change in mole fraction of component 2 in the 
liquid phase on adsorption 
s total number of moles adsorbed at the surface n = 
0 total number of moles present n = 
and K, the equilibrium quotient is given by 
K 
.... (100) 
1 1/ a/I On plotting x1xZ n 6XZ m against Xz for each of the compounds 
studied, a series of straight lines are obtained (fig. 51). 
It is not considered however, that the linear plots shown 
in fig. 51 confirm the applicability of Everett's theory 
to the systems studied. It is in fact unlikely that these 
systems can be described as ideal and it would be unrealistic 
to attribute to the slope and intercept of these linear plots 
(table 68) the significance attached to them by Everett. 
Table 68 
Compound Slope Intercept Slope/Intercept log (Slope/ 
Intercept) 
m c (m/c) log (m/c) 
p-toluidine 1647 0.582 2831 3.45 
aniline 1646 0.516 3187 3.50 
p-chloroaniline 
2140 0.425 5032 3.70 
p-bromo-
aniline 2414 0.450 5369 3.73 
p-cyano- 5019 0.127 39458 4.60 
~n;linB 
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Nevertheless, an equation of the form (99) does explain the 
experimental sorption data and if this equation (99) is 
expressed as y = mx + c it is noted from the data presented 
in table 68 and the nature of the isotherms shown in figs 
33 to 37 that the ratio mic reflects the curvature of the 
isotherm in the intermediate concentration range. On general 
grounds, the more concave the isotherm to the concentration 
axis, the greater the affinity of the adsorptive molecule 
for the alumina surface and so the author feels justified 
in defining an index of sorption K by the ratio m/c. 
s 
It is also noted from fig. 9, p.45 that the individual isotherms 
for an ideal binary system show increasing curvature to the 
concentration axis with an increase in the equilibrium quotient 
K. 
A plot of log K against t1 is linear (fig. 52) showing 
s 
an increase in sorption affinity of the amino group with 
increasing elect~dn attracting power of the p-substituent. 
It is thus seen that the process of sorption at a solution-
solid interface is analogous to that of association in 
solution in that a defined index of adsorption is related 
to the Hammett structural parameter in a similar manner to 
the association constant of the hydrogen bonding process to 
dioxan. 
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B - SUmMARY OF RESULTS 
The results obtained from this study of the effect of 
p-substitution on properties of the NH bond in anilines may 
be summarized as follows:-
1. The association constant for the process 
substituted aniline + dioxan;= complex 
increases with increasing electron attracting power 
of the p-substituent and is logarithmically related to 
the Hammett substituent constant d. The enthalpy change 
on hydrogen bonding ~He, calculated from the temperature 
dependence of the association constant, indicates the 
weak nature of hydrogen bonding encountered in the 
aniline series. 
2. The frequency shift 6~ on hydrogen bonding to dioxan 
( ~ - ~ ) is also linearly related to cyclohexane dioxan 
the Hammett constant ~. Consequent upon hydrogen 
bonding, the nitrogen atom of the amino group is subject 
3 2 to a change in hybridisation from sp to sp. This 
change is significant for anilines possessing a +M or 
weak -M substituent but is absent in those anilines having a 
strong -m substituent. In the latter case the nitrogen 
2 
atom is completely sp hybridised in the unbonded state. 
3. As in the case of frequency shift, the NH bond moment 
A increment, calculated along the bisector of the HNH bond 
angle and necessary to explain the dipole moment in dioxan, 
increases with increase in ~ 
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4. Adsorption affinity at a cyclohexane-alumina interface, 
expressed in terms of a defined index of sorption, was 
found to be logarithmically related to ~. The sorption 
saturation values estimated from the experimental adsorption 
isotherms are in accordance with a vertical orientation of 
the aniline molecules at the alumina interface, suggesting 
that the significant interaction at the alumina surface is 
one of hydrogen bonding. 
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CALCULATION OF ASSOCIATION CONSTANT (AKCAL) 
II JOB T 
II FOR 
H IOCS(CARD,1132 PRINTER) 
H LIST SOURCE PROGRAM 
H EXTENDED PRECISION 
oDIMENSIoN CD(3o),AM(10),AC(10),AAE(1o),CC(1o),CAE(1o),ACC(1o), 
1DEV(10),EM(10),C(1o),AK(45),DEVN(45),RAAF(10),RCD(1o) 
DIMENSION ECC(10),ECA(1o),AECA(1o),AECC(1o),EXcom(10),AAo(10) 
DImENSION NAM(8o) 
32 FORMAT (40A2) 
READ(2,32)(NAm(K), K = 1,20) 
33 FORMAT (1Ho,4oA2) 
UJRITE(3,33)(NAm(K), K = 1,20) 
1 __ ~~~~ __ ~R~EJliLi~,25)~M~~~ __ ~~_ 
25 FORMAT (11) 
READ (2,30)tD(J,);.~m(J),J = 1,M) 
30 FORmAT (F10,5,F10.3) 
READ (2,31)CA,AMF 
31 FORMAT (F10.0,F1o.3) 
81 FORMAT (11,11X,2HCD,12X,2HAM,/) 
82 FORMAT (F17.5,F11.3) 
83 FORMAT (11,11X,2HCA,12X,3HAMF,/) 
84 FORMAT (E21.5,F7.3) 
UJRITE (3,81) 
UJRITE (3,82)(CD(J),AM(J), J = 1,M) 
UJRITE (3,83) 
UJRITE (3,84)CA,AmF 
10 FORMAT (//,10X,45H CALCULATION OF EQUILIBRIUM CONSTANT GRUNUJALD) 
20 FORMAT (11,11XlHGK,12X,5HRTSUM,16X,3HCLS,/) 
UJRITE (3,10) 
UJRITE (3,20) 
DO 21 r = 1, m 
21 AAO(J) = AM(J) - AMF 
DO 41 J = 1, M 
RAAF(J) = 1.0/(AM(J) - AmF) 
41 RCD(J) = 1.0/cD(J) 
SRAAF = 0.0 
SRCD = 0.0 
SAFCD = 0.0 
SRCD2 = 0.0 
DO 42 J = 1, M 
SRCD = SRCD + RCD(J) 
SRAAF = SRAAF + RAAF(J) 
SAFCD = SAFCD + RAAF(J)wRCD(J) 
42 SRCD2 = SRCD2 + RCD(J)wRCD(J) 
ENP = n1 
EMNL5 = (SRAAFwSRCD - SAFCDwENP)/(SRCDwSRCD - SRCD2wENP) 
CNLS ; (SRAAF - EmNLSwSRCD)/ENP 
EQKNA = CNLS/EMNLS 
IF(EQKNA - 30.0)63,63,64 
63 Ir(EqKNA - 5.0)65,65,66 
64 DELTA = 0.2 
GO TO 5 
66 DELTA = 0.1 
GO TO 5 
65 DELTA = 0.01 
5 GK = EQKNA~1.8 
IF(GK - 1.0)46,46,47 
46 IGK = GK~100.0 
GK = IGK>l0.01 
195 
MGK = (GK + 0.001 )H100.0 
GK = MGK>l0.01 
GO TO 37 
47 IF(GK - 10.0)48,48,49 
48 IGK .. GK>l10.0 
GK = IGKHO.1 
MGK " (GK + 0,01 )>110.0 
GK " MGKHO.1 
GO TO 37 
49 IGK .. GK 
GK = IGK 
MGK" (GK + 0.1) 
GK = MGK 
37 CONTI NUE 
D035 J " 1, M 
CC(J) = GKHCD(J)>lCA!(1. + GK*CD(J» 
CAE(J) " CA - CC(J) 
EA = AMF !CA 
AAE(J) = EAHCAE(J) 
35 AC(J) = AM(J) - AAE(J) 
scc " 0.0 
SAC" 0.0 
SCCAC = 0.0 
SCC2 = 0.0 
D060 J = 1,M 
SCC = SCC + CC(J) 
SAC = SAC + AC(J) 
SCCAC = SCCAC + CC(J)HAC(J) 
60 SCC2 = SCC2 + CC(J) *CC(J) 
EN = In 
EMLS = (SACHSCC - SCCAC*EN)!(SCCHSCC - SCC2HEN) 
CLS = (SAC - EMLSHSCC)!EN 
D075 J = 1,M 
ACC(J) = EMLSHCC(J) + CLS 
75 DEV(J) = (AC(J) - ACC(J»HH2!ACC(J) 
SUM = 0.0 
D079 J = 1, In 
79 SUM = SUM + DEV(J) 
RTsum = SQRT(SUM + CLS) 
WRITE (3,90)GK,RTSUM,CLS 
90 FORMAT (F15,4,2E2o.6) 
A = (DELTAI<10.0) + (1.1*EQKNA) 
IF(A - GK)92,92,93 
92 GK = GK - DELTAI<10.0 
GO TO 37 
93 IF«0.85>1EQKNA) -GK)94,94,96 
94 GK = CK - DELTA 
CO TO 37 
96 IF«0.2I<EQKNA) -GK)97,97,80 
97 GK = CK - DELTA 1<10.0 
GO TO 37 
80 CONTINUE 
DO 51 J = 1, M 
ECC(J) = EQKNAHCD(J)HCA!(1. + EQKNAHCD(J» 
ECA(J) = CA - ECC(J) 
.---_.-----------------------------------------, 
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AECA(J) = ECA(J)*EA 
AECC(J) = AM(J) - AECA(J) 
51 EXCOM(J) = AECC(J)/ECC(J) 
AVEXC = 0.0 
00 52 J = 1, M 
52 AVEXC = AVEXC + EXCOM(J) 
TOTAL = M 
AVEXC = AVEXc/TOTAL 
EC1 = AVEXC - 100.0 
EC2 = AVEXC + 100.0 
00 91 J = 1, M 
RK1 = (AM(J) - AMF)/(EC1 -EA) - CA - CO(J) + (CO(J)KCAK(EC1 -
EA»/(AM(J) - AMF) 
RK2 = (AM(J) - AMF)/(EC2 - EA) - CA - CO(J) + (CO(J)KCAK 
(EC2 - EA»/(AM(J) - AOOF) 
EM(J) = (RK2 - RK1)/(EC2 - ECt) 
1-----------'91~G(-Ji--~RK1~EM(-J·)*E-G11--------------------------------------l 
NSUM = 00*(00 - 1)/2 
K = 0 
00 2 I = 1, M 
00 2 J = 1, M 
IF(I - J)1,2,2 
1K=K+1 
AK(K) = (EM(I) - EM(J»/(EM(I)*C(J) - EM(J)KC(I» 
2 CoNT! NUE 
AVK = 0.0 
00 3 I = 1,NSUM 
3 AVK = AVK + AK(I) 
AVK = AVK/NSUM 
0014 K = 1,NSUM 
14 OEVN(K) = AK(K) - AVK 
OEVNS = 0.0 
00 16 L = 1,NSUM 
16 OEVNS = OEVNS + ABS(OEVN(L» 
OEVNM = OEVNS/NSUM 
43 FORMAT (11.10X.45H CALCULATION or EQUILIBRIUM CONSTANT NAGAKURA) 
44 FORMAT (11.15X,5HEQKNA,15X,5HEMNLS,15X,4HCNLS,/l 
45 FORMAT(F2o.3,E2o.5,F2o.3) 
22 FORMAT (11,17X,3HAAO,12X,4HRAAF,2oX,3HRCO,/) 
23 FORMAT (F2o.3,F2o.5,F20.5) 
8 FORMAT (11,1oX,47H CALCULATION OF EQUILIBRIUM CONSTANT ROSE-ORAGO) 
9 FORMAT UI,15X,3HAVK,10X,5HOEVmn,13X,3HEC1,10X,3HEC2,/) 
4 FORMAT (F20.3,F15.6,2F15.1) 
11 FORMAT (11,15X,2HEM,16X,1HC,/) 
6 FORMAT (E25.7,E20.7) 
12 FORMAT (11,15X,2HAK,17X,4HDEVN,/) 
7 FORMAT (2F20.6) 
\lJRITE (3,43) 
\lJRITE (3,44) 
\lJRITE (3,45)EQKNA,EMNLS,C~JLS 
WRITE (3,22) 
WRITE (3,23)(AAD(J),RAAF(J),RCO(J),J=1,M) 
WRITE (3,8) 
WRITE (3,9) 
WRITE (3,4)AVK,DEVNM,EC1,EC2 
WRITE (3,11) 
WRITE (3,6)(EOO(J),C(J),J = 1,00) 
WRITE (3,12) 
WRITE (3,7)(AK(K),DEVN(K),K = 1,NSUOO) 
CALL EXIT 
ENO 
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CALCULATION or DIPOLE MOMENT (ELCMO) 
11 JOB T 
11 FOR 
~IOCS(CARD,1132 PRINTER) 
~LIST SOURCE PROGRAM 
~EXTENDED PRECISION 
--------~ - --
DDIMENSION UJ1(1D), UJ2(10), UJ3(10)"CSR(10),UJ4(10),UJ5(10),RI(10), 
1X(10),Y1(10),Y2(10),Y3(10),NAM(80),A(10),B(10),C(10), 
2CALY1(10),DEVY1(10),CALY2(10),DEVY2(10),CALY3(10),DEVY3(10) 
20 FORMAT (I1) 
1 FORMAT (7F10.0) 
11 FORMAT (F10.3) 
40 FORMAT (F10.5) 
1-----3 o-r-oRMA T-t40A 22))c--------------------------
READ (2,30) (NAm(J), J = 1,20) 
READ (2,20)N 
READ (2,1)(UJ1(I),W2(r),W3(I),CSR(I),W4(I),UJ5(I),RI(I),I = 1,N) 
READ (2,11)UI 
READ (2,40)VDB 
DO 22 I = 1,N 
XCI) = (Ul1(I) - UJ3(I»/(Ul2(I) - UJ3(I» 
Y1(I) = 2.2725 - (1182.65 - CSR(I)~3.949E - 4 
Y2(I) = VDB/(UJ4(I) - Ul5(I» 
22 Y3(I) = RI(I) ~~2 
5X = 0.0 
SY1 = 0.0 
SXY1 = 0.0 
SX2 = 0.0 
0021= 1,N 
SX = SX + x (r) 
SY1 = SY1 +Y1 (I) 
SXY1 = SXY1 + X(I)~Y1(I) 
2 SX2 = 5X2 + X(I)~X(I) 
EN = N 
EM1 = (SY1~SX - SXY1~EN)/(sx~sx - SX2~EN) 
C1 = (SY1 - EM1~SX)/EN 
SY2 = 0.0 
SXY2 = 0.0 
0012 I = 1,N 
SY2 = SY2 + Y2(I) 
12 SXY2 = SXY2 + X(I)~Y2(I) 
Em2 = (SY2~SX - SXY2~EN)/(sx~sx - SX2~EN) 
C2 = (SY2 - Em2~sx)IEN 
SY3 = 0.0 
SXY3 = 0.0 
0014 I " 1,N 
SY3 = SY3 + Y3(t) 
14 SXY3 = SXY3 + X(I)~Y3(I) 
Em3 = (SY3~SX - SXY3~EN)/(SX~SX - SX2~EN) 
C3 = (SY3 - EM3~SX)/EN 
DD 32 I = 2,N 
32 A(I) = Y1(I) - C1 
SEE 1 = 0.0 
DD 33 I = 2, N 
33 SEE 1 = SEE1 + R(I) 
ALPHA = SEE1/SX 
r-------------------------------------------------------------------------, 
DD 34 1 " 2, N 
34 B(l) " Y2(I) - CZ 
SVV1 " 0.0 
DD 35 I " 2,N 
35 SVV1 = SVV1 + B(l) 
BETA = SVV1/SX 
DD 36 1 " 2,N 
36 C(l) = Y3(1) - C3 
SNZN2 = 0.0 
DD 37 I " 2,N 
37 SN2N2 = SN2N2 +C(l) 
VNU " SN2N2/SX 
198 
PT = 1I!l1(3.*EM1*CZ!«C1 + 2. )**2) + (C2 + EM2)*(C1 - 1.)!(C1 + 2.» 
PE = W*(3.*Effi3*C2/«C3 + 2.)**2) + (C2 + EM2)*(C3 - 1J!(C3 + 2.» 
PU = PT - PE 
PU5" PT - 1.o5HPE 
1~-------nPD1LJ=-PT----4.1D*PE---------------__________ ___ 
PU15 " PT - 1.15*PE 
DM = 0.01281Z*SQRT(PUH298.2) 
DMS " 0.012812HSQRT(PU5*298.Z) 
DM10 = 0.012812*SQRT(PU1o*298.2) 
DM15 = 0.012812*SQRT(PU1S*298.2) 
SPT" WH(3.HALPHA"C2/«C1 + 2.),,*2) + (C2 + BETA),,(C1 - 1.)/(C1 + 2.» 
SPE " W*(3 .• >lVNU"C2/( (C3 + 2. )>1>12) + (C2 + BETA),,(C3 - 1.)/(C3 + 2.» 
SPU " SPT - SPE 
SPU5 " SPT - 1.0S"SPE 
SPU10 = SPT - 1.1oHSPE 
SPU1S = SPT - 1.1S>lSPE 
SDM " 0.012812"SQRT(SPU,,298.2) 
SDMS = 0.012812"SQRT(SPUSH298.2) 
SDMlo " 0.012812"SQRT(SPU10*298.2) 
SDM15 = 0.012812"SQRT(SPU15*29a.2) 
PUSffi2 = 3.*W"C2*(ALPHA/«C1 + 2.)**2) - VNU/«C3 + 2.),,*2» 
DMSM2 = O.012812HSQRT(PUSM2H29a.2) 
PUSMl = 3.HW*C2*(EM1/«C1 + 2.)**2) - Ema/«C3 + 2.)*H2» 
DMSm1 = O.012812HSQRT(PUSM1H29a.2) 
SoVY1 = 0.0 
SDVY2 = 0.0 
SDVY3 = 0.0 
DO 62 1 = 1,N 
62 CALY1(I) " EM1HX(I) + Cl 
DO 63 I = 1, N 
63 DEVY1(I) = Y1(1) - CALY1(I) 
DO 64 1 = 1,N 
64 SDVY1 = SDVY1 + ABS(DEVY1(I» 
DO 65 1 = 1, N 
65 CALY2(1) = EM2HX(l) + C2 
DO 66 1 = 1, N 
66 DEVY2(I) = Y2(1) - CALY2(I) 
DO 67 I = 1,N 
67 SDVY2 = SDVY2 + ABS(OEVY2(1» 
DD 68 I = 1,N 
68 CALY3(1) = EM3HX(1) + C3 
DD 69 I = 1,N 
69 DEVY3(1) = Y3(1) - CALY3(I) 
DD 53 1 = 1,N 
53 SDVY3 = SDVY3 + ABS(DEVY3(I» 
A.\JOY1 = SoVY1/N 
AVDY2 = SDVY2!N 
AVDY3 = SDVY3/N 
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31 FORMAT(1HO,40A2) 
240FORMAT(1HO,4X,2HW1,8X,2HW2,8X,2HW3,8X,3HCSR, 
17X,2HW4,8X,2HWS,8X,2HRI,/) 
23 FORMAT (3F10.4,F10.2,2F10.4,F10.S) 
1S0FORIDAT (1HO,2X,1SHWEIGHT FRACTION,SX,19HDIELECTRIC CONSTANT,2X, 
11SHSPECIFIC VOLUME, 2X,21H(REFRACTIVE INDEX) ~~2,/) 
16 FORMAT(E1S.4,3F20.6) 
S2 FORMAT C//,1X,41HDIPOLE MOfflENT-HALVERSTADT KUMLER EQUATION) 
47 FORMAT C//,4X,34HCALCULATED BY LEAST SQUARES METHOD) 
5 FORMAT c//,4x,3HEm1,8x,2HC1,8X,3HEM2,8X,2HC2,8X,3HEM3,8X,2HC3) 
6 FORMAT (6F10.4) 
9 FORMAT C//,4X,2HPT,8X,2HPE,8X,2HPU,8X,13HDIPOLE MOMENT) 
10 FORMAT (3F10.4,F1S.4) 
170FORMAT (1HO,4X,3HPUS,6X,4HPU10,6X,4HPU1S,6X,3HDMS, 
17X,4HDM10,6X,4HDM1S) 
18 FORMAT (6F10.4) 
46 FORMAT (//,4X,26HCALCULATED BY SIGMA METHOD) 
38 FORMAT (/1,4X,~LPHA,SX,4HBETA,7X,3HVNU) 
39 FORMAT (3F10.4) 
41 FORMAT (1I,4X,3HSPT,6X,3HSPE,7X,3HSPU,14X,13HDIPOLE MOMENT) 
42 FORMAT (3F10.4,F20.4) 
430FORMAT (1I,4X,4HSPUS,6X,SHSPU10,SX,SHSPU1S,SX,4HSDMS,6X,SHSUM10,SX, 
1SHSDM1S) 
44 FORMAT (6F10.4) 
4S FORMAT (/I,1X,28HDIPOLE MOMENT - SMITH EQUATION) 
SO FORMAT C//,5X,SHPUSM1,3X,13HDIPOLE MomENT) 
S1 FORMAT (2F10.4) 
48 FORMAT (//,SX,5HPUSM2,3X,13HDIPOLE MOMENT) 
49 FORMAT (2F10.4) 
70 FORMAT (1H +,50X,1SHDATA EVALUATION) 
S70FORMAT (1/,10X,19HDIELECTRIC CONSTANT,18X,1SHSPECIFIC VOLUME,23X,20 
1HREFRACTIVE INDEX SQ.) 
S80FORMAT (/,9X,5HCALC.,6X.,4HOBS.,6X,5HDEVN.,1SX,SHCALC.,6X,4HOBS.,6X, 
1SHDEVN.,1SX,5HCALC.,6X,4HOBS.,5X,5HDEVN.) 
590FORMAT (//,11X,13HAV. DEVIATION,24X,13HAV. DEVIATION,24X,13HAV. DEV 
1IACTION) 
56 FORMAT (F1S.4,2F10.4,F20.S,2F10.5,F20.6,2F10.6) 
61 FORMAT (F21.4,F38.S,F39.6) 
WRITE (3,31)(NAM(J),J = 1,20) 
WRITE (3,24) 
WRITE (3,23)(W1 (I),W2(I),W3(I ),CSR(I),W4(I ),W5(I ),RI(I), 1. =1 ,N) 
WRITE (3,1S) 
WRITE (3,16)(X(I),Y1(I),Y2(I),Y3(I),I = 1,N) 
WRITE (3,52) 
WRITE (3,47) 
WRITE (3,5) 
WRITE (3,6)EM1,C1,EM2,C2,EM3,C3 
WRITE (3,9) 
WRITE (3,10)PT,PE,PU,OM 
WRITE (3,17) 
WRITE (3,18)PU5,PU10,PU15,DMS,DM10,DM1S 
WRITE (3,46) 
WRITE (3,38) 
WRITE (3,39)ALPHA,BETA,VNU 
WRITE (3,41) 
WRITE (3,42)SPT,SPE,SPU,SOM 
WRITE (3,43) 
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WRITE (3,44)5 PUS,S PU1 0,5 PU1S, soms, SOm1 0 ,SDm1S 
WRITE (3,4S) 
WRITE (3,47) 
WRITE (3,SO) 
WRITE (3,S1)pUSm1,OmSm1 
WRITE (3,46) 
WRITE (3,48) 
WRITE (3,49)pUSm2,DmSm2 
WRITE (3,31 )(NAm(J),J = 1,20) 
WRITE (3,70) 
WRITE (3,57) 
WRITE (3,68) 
o· WRITE (3,56)(CALY1(I),Y1(I),OEVY1(I),CALY2(I),Y2(I),DEVY2(I),CALY3( 
1 I),Y3(r),DEVY3(r),I = 1,N) 
WRITE (3,59) 
WRITE (3,61 )AVOY1 ,AVOY2,AVDY3 
r------------r~ATL'L'EXrT 
END 
I - -_._- - - - - - _. 
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PORE SIZE DISTRIBUTION ANALYSIS 
// JOB T 
// FOR 
~IOCS(CARO,1132PRINTER) 
~LIST SOURCE PROGRAM 
MEXTENDED PRECISION 
ODIMENSION VOLD(50),T(50),X1(50),X2(50),X3(50),A(50),RKXI(50), 
1DXI(50),RXI(50),R1XI(50),DVGAS(50),DVLIQ(50),B(50),C(50),SACUM(50) 
2,VPORE(50),SPORE(50),A1(50),A3(50),R1(50),R3(50),DX1(50),DX3(50), 
3DVOO(50) 
1 FORMAT (20X,39H CALCULATION OF CUMULATIVE SURFACE AREA) 
WRITE (3,1) 
2 FORMAT (12) 
3 FORMAT (BF10.1) 
4 FORMAT (8F10.2) 
READ (2,2)m 
READ (2,3)(VOLD(J),J = 1,M) 
READ (2,4)(T(J),J = 1,M) 
MSUM = m - 1 
XA = 0.92 
SB = 0.91 
XC = 0.90 
SACUm(1) = 0.0 
DO 5 J = 1, inS um 
XA = XA ~ 0.02 
X1(J) = XA 
XB = XB - 0.02 
X2(J) = XB 
XC " XC - 0.02 
X3(J) = XC 
A(J) = ALOG(X2(J»/2.303 
RKXI(J) " -4.0S/A(J) 
A1(J) = ALOG(X1(J»/2.303 
R1(J) " -4.0S/A1(J) 
A3(J) = ALOG(X3(J»/2.303 
R3(J) = -4.0S/A3(J) 
J1 " J + 1 
OX1(J) = R1(J) + 2.0MT(J) 
DX3(J) " R3(J) + 2.0HT(J1) 
OXI(J) " RKXI(J) + T(J) + T(J1) 
RXI(J) " DXI(J)/(DXI(J) - 2.0~T(J1» 
R1XI(J) = RXI(J)H(T(J) - T(J1»H1.0E - 4 
OVGAS(J) " VOLD(J) - VOLD(J1) 
DVLIQ(J) = DVGAS(J)H34.6S/224DD.D 
B(J) = RXI(J)HDVLIQ(J) 
C(J) = R1XI(J)HSACUm(J) 
VPORE(J) = B(J) - C(J) 
OVDD(J) = VPORE(J)/(DX1 (J) - DX3(J» 
SPORE(J) = 2.0E4HVPORE(J)/DXr(J) 
5 SACUM(J1) = SACUm(J) + SPORE(J) 
SOFORlnAT (5X,4HVOLD,8X,1HT,9X,2HX1,8X,2HX2,BX,2HX3,7X,1HA,BX,4HRKXI, 
16X,3HDXI,7X,3HRXI,14X,4HR1XI) 
9DFORlnAT(5X,5HDVGAS,8X,5HOVLIQ,11X,1HB,14X,1HC,12X,5HVPORE,9X, 
15HSPORE,5X,5HSACUM,5X,3HDXI,5X,4HDVOD) 
~~-- -- -- - - ----~~~~~~~~~~~- - - " 
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6 FDRmAT (F1D.1,4F1D.2,F10.4,2F1D.2,F10.4,£20.5) 
7 FORMAT (F1D.2,F1S.6,3F15.S,2F1D.4,F1D.2,f15.S) 
WRITE: (3,13) 
OWRITE: (3,6)(VOLD(J),T(J),X1(J),X2(J),X3(J),A(J),RKXI(J),DXI(J), 
1RXI(J),R1XI(J),J s 1,MSUM) 
UlRITE (3,9) 
DUlRITE (3,7)(DVGAS(J),DVLIQ(J),B(J),C(J),VPORE(J),SPDRE(J), 
1SAcum(J),DXI(J),DVDD(J),J = 1,msum) 
CALL OIT 
END 

